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Abstract 
There is increasing interest in the idea of using diet for health maintenance.  Not only 
does dietary intake determine the availability of substrates for host metabolism, but it can 
also shape the composition of the intestinal microbiota, increasingly recognised as an 
‘organ’ in its own right, which closely interacts with the mucosal immune system.  
Alterations in the mammalian-microbial-metabolic axis are associated with disease 
development and as such it is important to study the systemic consequences of dietary 
intervention on these interactions in an appropriate animal model such as the pig.  
The majority of the abundant metabolites present in porcine liver, kidney, serum and urine 
were assigned by one and two dimensional Nuclear Magnetic Resonance (NMR) 
spectroscopy and qualitatively compared; inter-compartmental differences in relation to 
mammalian-microbial co-metabolic representation were identified in the pig, and the 
applicability of NMR-based urinalysis to interrogate mammalian-microbial co-
metabolism in this species confirmed.   
The initial weaning diet of pigs was found to initiate sustainable metabolic 
reprogramming in the young pig, leading to a persistent urinary metabolic signature after 
four weeks; this signature included metabolites linked to microbial metabolic processes 
and could indicate a diet-induced microbial reprogramming event at weaning.  
Differences in the initial weaning diet were also found to impact the metabolic and 
immunologic consequences of Bifidobacterium lactis supplementation on the young pig.  
The urinary metabolic profile from these animals was significantly correlated with 
patterns of intestinal mucosal immunoglobulin secretion and thus indicates the potential 
utility of biofluid-based metabolic profiling to assess mucosal responses to dietary 
intervention. 
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Objectives and Thesis Structure 
The impact of diet on host health has recently become apparent.  In addition to affecting 
the availability of substrates for growth, diet may shape the composition and functionality 
of the commensal microbial ecosystem, which in turn can affect the activity of the 
mucosal immune system.  It is therefore of interest to study the mucosal and systemic 
response to nutritional intervention in a suitable animal model from a top-down systems 
biology perspective so the idea of minimally invasive assessment of these interactions can 
be developed.  This thesis focuses on an evaluation of the pig as a model for nutritional 
intervention and explores the impact of probiotic modulation of host metabolism and 
immunity. 
 
Chapter 1: General Introduction 
 
Chapter 2: Materials and Methods: Nuclear Magnetic Resonance (NMR) 
spectroscopy for metabolite profiling and multivariate statistical approaches employed 
during data analysis. 
 
Chapter 3:  The pig is acknowledged to be a good model for human nutrition.  
However, since this species is a relatively novel model for metabolic profiling 
research, a multi-compartmental characterisation of the basal porcine metabolome was 
conducted by NMR spectroscopy to provide a metabolic framework from which to 
compare nutrition related variation. 
 
Chapter 4:  The systemic metabolic effect of dietary intervention around the weaning 
period in the pig was assessed.  These data were subsequently statistically integrated 
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with immunoglobulin secretion profiles to provide information regarding the 
applicability of using metabonomics-based approaches for assessment of 
immunological responses to nutritional interventions. 
 
Chapter 5: The metabolic effects of nutritional intervention pre and post weaning 
were assessed in a pig model of ‘high hygiene’ conditions. 
 
This work examines the relevance of using a metabolic profiling strategy on a piglet 
model to assess the systemic effect of dietary intervention with reference to 
immunoglobulin secretion data and probes interactions at the immuno-metabolic 
interface. 
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1 Introduction 
1.1 The Pig as a Model for Human Physiology 
This thesis explores the relevance of using the pig (Sus scrofa) as an experimental animal 
model, specifically, to examine the systemic metabolic response to nutritional 
intervention around the weaning period.  Weaning has been well documented to have a 
detrimental effect on the immune system in the piglet, and may impact the development 
of tolerance to food and commensal bacteria in later life (Bailey et al, 2005; Lalles et al, 
2007; Vega-Lopez et al, 1995).  The concept of minimally invasive monitoring of 
mucosal health is a long-term goal and the pig is here proposed as a suitable model for 
conducting this research.  
 
Experimentally, the pig has been used extensively as a model for a variety of human 
diseases including obesity (Houpt et al, 1979), perinatal stress (Curtis, 1974), diabetes 
(Heckler and Carey, 1997; Phillips et al, 1982) and drug metabolism (Bustad and 
McClellan, 1966; Forster et al, 2010).  Sequencing of the pig genome is underway and 
comparative maps show extensively conserved homology with the human genome 
(Meyers et al, 2005; Rogatcheva et al, 2008).  Its economical and agricultural importance, 
coupled with interest in using the pig as a model for xenotransplantation, has resulted in 
an extensive knowledge base regarding porcine genomics, reproduction, immunology and 
development, (Forster et al, 2010) and the development of transgenic pigs (Uchida et al, 
2001) reinforces their suitability as a model for research into human physiology and 
disease processes.    
 
1.2 The Mucosal Immune System 
One of the most striking resemblances of pigs to humans is in the similarity of their 
gastrointestinal (GI) anatomy, physiology, biochemistry and development (Panepinto and 
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Phillips, 1986; Parsons and Wells, 1986), specifically their mucosal immune system 
(MIS) has a much greater degree of structural and functional resemblance to the human 
MIS than rodent models.  The MIS is arguably one of the most important sites of 
mammalian immune activation.  It encompasses, but is not limited to, the entire GI tract 
and its role is to provide a ‘barrier’ function to pathogenic microbes.  Mucosal surfaces in 
the mammalian gut are, however, subject to a continuous barrage of antigenic substances 
from not only pathogenic micro-organisms but from particulate food antigens (Ag) and a 
multitude of commensal microbiota; up to 109 colony forming units (CFU) per gram of 
faeces in the first week of life (Bailey et al, 2001).  It is imperative that the developing 
animal correctly distinguishes between ‘harmful’ and ‘harmless’ Ag in order to mount an 
effective immune response to the former and to avoid an inappropriate immune response 
to the latter.   
 
A special feature of the MIS compared to the systemic immune system is its ability to 
actively monitor its surrounding by sampling the contents of the intestinal lumen 
(Crivellato et al, 2004).  Mucosal induction sites such as the lamina propria, isolated 
lymphoid follicles and the Peyer’s Patches (PP) conduct the majority of Ag sampling; Ag 
are sequestered by sub-mucosal Antigen Presenting Cells (APCs) which, among other 
responses, induce immunoglobulin (Ig) production by plasma cells in the Mesenteric 
Lymph Node (MLN) and other immune structures.  Igs are proteins produced by plasma 
(B) cells, which can specifically recognise and bind to an antigen to neutralise it or label it 
for degradation; mammals have five distinct Ig isotypes: IgA, IgD, IgG, IgE and IgM 
(Market and Papavasiliou, 2003).  Secretory IgA generally exists as a dimer and is the 
most abundantly produced Ig in mucosal secretions (Fagarasan and Honjo, 2003); the 
primary function of IgA is non-inflammatory protection against microbial antigens at 
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mucosal surfaces (Mestecky et al, 1999).  Secretory IgM exists as a pentamer with low 
affinity but high avidity, and its presence in mucosal secretions, while not well studied, 
indicates a mucosal response to novel Ag in the GI tract (Gleeson et al, 1993; Mestecky et 
al, 1999; Norhagen E et al, 1989).  The function of IgD is not well understood but it has 
been described as an ‘ancestral surveillance system’ and is implicated in monitoring 
invasion of respiratory pathogens (Chen et al, 2009).  IgE is primarily involved in the 
immune response to extracellular parasites (Erb, 2007) and IgG is the predominant Ig 
located in serum (~75%) (Junquiera and Carneiro, 2003) and is generally considered to 
have little importance comparative to IgA in the MIS. 
 
The induction of these immune defences are summarised in Figure 1.1, which shows a 
simplified version of the mammalian GI tract (Figure 1.1A), a simplified representation 
of the Ig based immune response in GI induction sites (Figure 1.1B) and GI effector sites 
(Figure  1.1C, modified from Brandtzaeg and Pabst, 2004).  A diagrammatic 
representation of an Ig molecule with an antigen binging site is shown in Figure 1.1D.  
PPs are one of the major mucosal inductive sites and both humans and pigs have them 
distributed throughout the length of their GI tracts whereas rodents only have them 
present in the small intestine.  They are covered with a specialised type of epithelial cell 
known as M-cells (or microfold cells), which allow direct Ag sampling from the intestinal 
lumen (Mestecky et al, 1999).  Pigs and other artiodactyls have a continuous PP 
distributed throughout their ileum and this represents one of most apparent structural 
immunological differences between the porcine and human immune systems (Pabst et al, 
1988). 
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Figure 1.1 A simplified representation of the induction of immune response in the mammalian gastrointestinal 
tract. 
A: A simplified schematic representation of the structure of the mammalian GI tract; B: The Peyer’s Patch, a site of 
mucosal induction; C: a mucosal effector site; D:  A structural representation of an immunoglobulin with antigen 
binding sites shown in green.  MLN=mesenteric lymph node; s=secretory. 
 
The ability to ‘tolerate’ the harmless Ag in the GI tract is an important feature of the MIS.   
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The mechanisms involved in tolerance induction are unclear; a loss of tolerance can result 
in disease, as explained in detail in section 1.2.3, and there is a need to find new methods 
to monitor mucosal ‘health’ status in humans.  In this thesis, it is proposed that, using the 
pig as a model organism, both mucosal and metabolic responses to an intervention may be 
captured and compared to provide the beginnings of a framework to assess the activity of 
the MIS in a minimally invasive manner. 
 
1.2.1 Co-evolution, Tolerance and the Mucosal Immune System 
The entire basis of multicellularity depends on the ability of a group of cells of the same 
genetic origin to accurately distinguish self from non-self - a task carried out by the 
primitive innate immune system.  The ability to accomplish this feat in systems of ever 
increasing size and complexity has resulted in the development of an extraordinarily 
elaborate immune system, which can ‘adapt’ to novel Ag by recombining segments of 
immunoglobulins.  The gene responsible for this adaptation, Recombinase Activating 
Gene (RAG), which has facilitated our evolution, is currently thought to be of bacterial 
origin and incorporated into the eukaryotic genome through a process of horizontal gene 
transfer (Agrawal et al, 1998).  The mitochondria in eukaryotic cells, which produce such 
massive amounts of energy, enabling the energy requirements of a multi-cellular 
organism to be fulfilled, are now accepted to be whole bacteria incorporated into our 
genome or ‘endosymbionts’ (Margulis, 1970) and current estimates place the proportion 
of genetic information in a human as <1% human in origin (Roling et al, 2010). 
 
Multicellular organisms have co-evolved with microorganisms, harmful or otherwise, for 
~160 million years and recent estimates that human bodies harbour up to 100 trillion 
diverse and various microorganisms (Xu and Gordon, 2003b) challenge the supposition 
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that extra-genomic genetic information is detrimental to the host.  The interface for most 
of these ‘mammalian-microbial interactions’ is the MIS, distributed throughout the length 
of the GI tract.  The GI tract is relatively inaccessible, the MIS compartmentalised in 
nature (Holtmeier et al, 2002; Kantele et al, 1998; Macpherson and Uhr, 2004) and the 
paucity of techniques available to study the interplay of vast quantities of un-culturable 
bacteria, protozoa, viruses and yeasts, harboured by all mammals, render this ‘micro-
ecosystem’ an extremely complex one to study. 
 
In a healthy individual the commensal bacteria act in a synergistic fashion with the host; 
they are actively involved in food metabolism and digestion and are likely contributors to 
the lack of host mucosal immune response or ‘tolerance’ to this significant antigenic 
challenge (Acheson and Luccioli, 2004).  Indeed it has been seen that the MIS fails to 
develop properly in axenic piglets (Bailey et al, 2001) and vertebrates can thus be shown 
to be truly symbiotic with their complement of indigenous microbiota (Xu et al, 2003b).    
 
Mucosal tolerance to commensal microbes can be seen to be a basal trait in mammalian 
evolution; it not only enables the demand for the increased energetic requirements of the 
evolving mammal to be met without a concomitant increase in gut size, but the host 
microbiota may also have facilitated the process of diet-driven speciation (Ley et al, 
2008; Xu et al, 2003b).  Symbiotic relationships appear to have led to a reduction of the 
host genome (Zaneveld et al, 2008); numerous studies with the commensal organism 
Bacteroides thetaiotamicron (B. theta) have elucidated host processes that seem to be 
under bacterial control.  B. theta can stimulate Paneth cells in the epithelial crypt to 
secrete angiogenins, which initiate development of the elaborate sub-mucosal capillary 
network of the intestine (Xu et al, 2003a).  Genes for amino acid and glycan metabolism 
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are overrepresented in bacteria of the distal gut which further reinforces the concept of 
‘mutalistic metabolism’ (Goodman et al, 2009) and there is evidence of syntropy in the 
gut, whereby different species of bacteria work simultaneously to metabolise compounds 
that either one alone would be unable to process (Xu et al, 2003b).  
 
Extensive ‘cross-talk’ occurs, not only between the ‘niches’ of the microbiome but 
between the host and the gut bacteria.  Strains of non-pathogenic Salmonella have been 
shown to attenuate progression of the pro-inflammatory NFκB pathway, a process which 
does not occur in pathogenic strains (Isolauri et al, 2004; Neish et al, 2000), and 
commensal strains of Escherichia coli (E. coli) have been shown to inhibit proliferation of 
lymphocytes, a phenomenon that does not occur upon concomitant challenge with tetanus 
toxoid (Khoo et al, 1997).  This apparent communication works both ways; the MIS is 
capable of producing orthologues of bacterial auto-inducers, which stimulate quorum 
sensing, and IgA has been shown to promote biofilm formation in addition to 
agglutinating bacteria and preventing translocation (Lu and Walker, 2001; Niedergang et 
al, 2004).  Mucin has also been shown to facilitate biofilm formation by E. coli (Bollinger 
2003) and these elaborate synergistic relationships led Lederberg to coin the term 
‘superorganism’ to describe the mammalian complement of symbiotic organisms and its 
host.  This concept will be revisited throughout this thesis; it is imperative to begin 
thinking of mammalian physiology and the consequences of external intervention with 
reference to the ‘metagenome’ (Lederberg, 2000), which can be effectively studied by 
top-down systems biology (Martin et al, 2008). 
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1.2.1.1 Mammalian-microbial co-metabolism 
The gut microbiota produces many metabolites as end products of protein and 
carbohydrate fermentation, such as butyrate, a short chain fatty acid (SCFA) produced 
from carbohydrate fermentation (Cummings et al, 1987) and p-cresol, a metabolic product 
of tyrosine degradation (Elsden et al, 1976).   Some of these compounds can be directly 
absorbed and utilised by mammalian cells; butyrate is the major energy source for 
colonocytes (Isolauri et al, 2004) and has an important effect on gene expression and 
development of epithelial cells.  It can also have anti-inflammatory effects via inhibition 
of the NFκB pathway (Pryde et al, 2002) and its production is influenced by the amount 
and type of carbohydrate available (Duncan et al, 2004).  P-cresol however, has 
bacteriostatic activity and can be toxic to the host (Deichmann and Witherup, 1943; 
Dreizen and Spies, 1948), p-cresol therefore requires rapid excretion from the body.  This 
is usually achieved by phase II metabolism, which involves conjugation of the metabolite 
to increase its polarity, and thus facilitate its excretion in the urine.  Extra-genomic 
metabolites tend to be conjugated to glycine, sulphate, glutathione or glutamine and can 
also be glucuronidated to increase polarity and assist excretion; the mechanism of phase II 
metabolism can be determined by the spectral output from urinary metabolic profiles and 
is species specific. 
 
1.2.2 Symbiosis and Dysbiosis: Implications for Health and Disease 
The microbiome (Turnbaugh et al, 2007) has the ability to break down otherwise 
indigestible plant polysaccharides (Gibson et al, 2007; Hooper et al, 2002), biotransform 
conjugated bile acids (Hylemon and Harder, 1998), degrade dietary oxalates (Duncan et 
al, 2002) and synthesise certain vitamins (Hill, 1998) and can thus be thought of as a 
multifunctional ‘organ’ (Xu et al, 2003b).  The mammalian-microbial metabolic axis 
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(Martin et al, 2007a) can be seen as an extraordinarily complex network of interactions 
comprising the actions of multiple genomes and manifold external factors from the 
environment such as diet.  It is not surprising then, that a compositional alteration of the 
microbiota has the potential to affect a number of host processes.  Indeed, variation in the 
gut microbiome appears to strongly influence calorific availability in the host and may 
therefore have an impact on the likelihood of an individual developing metabolic diseases 
such as diabetes later on in life (Nicholson et al, 2005). 
 
The importance of the gut microbiome on the general health of the host can be most 
clearly seen when considering germ-free (axenic) animals; these need 30% more energy 
from food and vitamin supplementation to survive (Isolauri et al, 2004) and have, on 
average, 40% less body mass than their conventional counterparts (Cani et al, 2008).  
They are invariably sickly as, in addition to having an underdeveloped MIS, failure of 
controlled, successive colonisation of the mucosal surfaces may render individuals more 
susceptible to enteric disease (Isolauri et al, 2004; M. Bailey, personal communication). 
 
1.2.3 Loss of Tolerance  
Inflammatory conditions can reflect a loss of tolerance to the indigenous microbiota after 
which the microbiota may become immunogenic; this is one of the proposed methods of 
pathogenesis of ulcerative colitis (UC) (Isolauri et al, 2004).  Inflammatory bowel 
diseases (IBD) such as UC and Crohn's disease display tissue specificity in their 
pathogenesis, which is not surprising given the compartmentalised nature of the MIS and 
the finding that different strains of bacteria can be found at different mucosal sites, largely 
due to the differing anti-microbial actions of the MIS in different areas (Isolauri et al, 
2004).  Metabolic activities of bacteria are habitat specific and this compartmentalised 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 28 
nature could be a factor that needs to be taken in to account when considering strategies to 
alter the microbiome (Mueller et al, 2010).   
 
1.2.4 Imbalances in Mucosal Immune Function Due to Altered Microbiota is 
Associated with Diverse Diseases 
Inflammatory and metabolic diseases are not the only pathologies related to abnormalities 
in the gut microbiome; subjects with disorders as disparate as autism and coronary heart 
disease (CHD) display differing metabolic phenotypes in relation to gut microbial 
metabolism (Dunne, 2001; Yap et al, 2010).  Mammalian-microbial interactions are 
increasingly recognised as being relevant to auto-immune diseases; parasitic worms are 
shown to attenuate autoimmunity in animal models of multiple sclerosis (Gruden-
Movsesijan et al, 2010; Wallberg and Harris, 2005) and the microbiome has also been 
associated with the pathogenesis of type I diabetes (Neu et al, 2010) and animal models of 
rheumatoid arthritis (Weljie et al, 2007; Wu et al, 2010a).  The bacterial components of 
the microbiome are known to have the capacity to metabolise dietary derived precursors 
of the catecholamines serotonin and dopamine, as well as being in close contact with 
enteroendocrine cells in the gut, so the observation that depression and 
neuropsychological disorders such as schizophrenia have been linked to dysbiosis 
becomes axiomatic (Dalgliesh et al, 1958; Forsythe et al, 2010; Nakoa, 1960).  At present 
it is unknown whether these alterations in microbial ecology are cause or effect, but it is 
becoming increasingly evident that the microbiome may be extremely important in the 
pathogenesis of a number of diseases and therefore it is important to find a method of 
monitoring a realistic in vivo situation over time and assessing the impact of intervention 
strategies. 
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1.2.5 Factors Affecting Mucosal Health 
Increased access to global travel has resulted in a significantly increased exposure to 
novel and potentially harmful microbes and aspects of the western lifestyle have led to a 
weakened host response to such assault.  The increasingly diverse nature of the daily 
western diet compared to those available historically cannot fail to have an influence on 
microbial population dynamics as well as nutrient availability.  Episodes such as 
antibiotic therapy, stress and unusual diets have deleterious effects on the relative 
bacterial populations resident in the gut; stress in the form of adrenaline has been found to 
sensitise mucosal epithelia to commensal bacteria (Nazli et al, 2004) and reduce the 
number of pathogenic bacteria needed to cause disease (Cooper, 1946; Evans et al, 1948).    
Some of the proposed methods of compensating for these factors reside in the idea of 
dietary intervention, either by direct alteration of dietary composition or by specific 
probiotic or prebiotic interventions. 
 
1.2.6 Probiotics and Prebiotics 
The World Health Organisation (WHO) defines a probiotic as a: ‘live microorganism, 
which, when administered in adequate amounts, confers a health benefit on the host’ 
whereas prebiotics aim to selectively stimulate the proliferation and/or activity of 
desirable bacterial populations already resident in the consumer’s intestinal tract 
(Ouwehand and Vaughn, 2006).  Prebiotics have been shown to correlate with increased 
glucose tolerance, glucose induced insulin secretion and normalisation of inflammation 
(Martin et al, 2008).  There is a significant association between pre/probiotic intervention 
to modify the gut microbiome and specific mammalian metabolic features that link 
directly to modulation of host energy metabolism (Martin et al, 2008), so one can begin to 
elucidate the relative importance of diet and the idea of using dietary intervention 
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strategies to regulate the composition of the gut microbiome can be developed.  Bacteria 
of the Lactobacillus and Bifidobacteria family, as well as being normal constituents of the 
mammalian commensal microbiota, are recognised to have numerous anti-inflammatory 
properties and thus are among the most widely utilised species for probiotic preparations 
(Isolauri et al, 2004).  Bifidobacteria in particular are thought to be beneficial to the host 
and therefore prebiotics of short chain fermentable carbohydrates such as galacto-
oligosaccharides (GOS) and fructo-oligosaccharides (FOS) are designed to be 
‘bifidogenic’, although it is doubtful that they have that level of specificity.  Probiotics 
may work by many mechanisms (Sanders, 2009) including competitive exclusion of 
pathogenic bacteria, production of bactericidal compounds or strengthening of the tight-
junctions between the mucosal epithelia, thereby inhibiting para-cellular transport of Ag 
(Lu et al, 2001) and thus strain selection can depend on the desired effect. 
 
Two important periods of maximum exposure to novel antigens occur in the young 
animal: immediately after birth and at weaning (Bailey et al, 2005).  Thus birth and 
weaning are likely to represent hazard and critical control points in the development of 
appropriate mucosal responses to pathogens and tolerance to commensal organisms.  Both 
human neonates and piglets have a high susceptibility to enteric disease (Lalles et al, 
2007) and childhood therefore appears to be an opportune moment for probiotic 
intervention (Isolauri et al, 2004).  
1.2.6.1 The relevance of porcine models of nutritional intervention 
“In its nutrient requirements, the pig resembles the human in more ways than any other 
non-primate mammalian species” (Pond and Houpt, 1978). 
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The pig is described as the “best non-primate model for studying human nutrition” (Miller 
and Ullrey, 1987) and tolerance to food antigens (Ag) (Bailey et al, 2005) as it is a large 
single-stomached omnivore and has comparable gut physiology to humans.  The ‘sow-
piglet’ dyad has also recently been proposed to represent a suitable model for metabolic 
programming in the ‘mother-infant’ dyad due to similarities in GI tract development 
(Guilloteau et al, 2010).   
The relative similarities of pigs to humans extend beyond physiology and immunological 
resemblance; the sequence similarities of the microbiotal composition of a number of 
species has recently been investigated by Ley et al and it was found that, regardless of 
external environment (wild vs. captivity, different zoo environment) species tend to 
cluster together based on diet.  Pigs cluster closely with folivorates and omnivorous 
primates, the cluster that humans appear in (Ley et al, 2008) and so are potentially a more 
relevant species to study microbial effects on host metabolism and immune function in 
than rodent models, which cluster with the herbivores.  
 
Nutrition is known to have dramatic consequences on human health, but the interactions 
between nutrients and the erstwhile unaccounted for microbial community residing within 
us have only recently begun to be elucidated.  It has become increasingly relevant to 
investigate this relationship as the gastrointestinal microbiota represents an ecosystem 
with comparatively rapid cellular turnover and so is potentially more amenable to subtle 
modification than human tissues. 
 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 32 
1.2.1 Top-down Systems Biology and the ‘omics 
A vast array of techniques have been developed to characterise the molecular basis of 
health and disease; ‘hard-wired’ inherited genetic information can be investigated by 
genomic technologies (Human Genome Sequencing, 2004), transcriptomics can be used 
to assess which genes have been transcribed (Wang et al, 2009b) and proteomics can 
provide an overview of the translated proteins present in a sample (Tyers and Mann, 
2003).  Metabonomics provides an overview of the end point of all of these processes and 
is defined as: "the quantitative measurement of the dynamic multiparametric metabolic 
response of living systems to pathophysiological stimuli or genetic modification".  It 
employs a combination of Nuclear Magnetic Resonance (NMR) spectroscopy and Mass 
Spectrometry (MS) techniques alongside multivariate statistics to provide a ‘snapshot’ of 
the metabolic profile of an individual (Nicholson et al, 1999).  
 
1.3 Nutrimetabonomics: A Top-Down Systems Biology Approach to 
Studying the Effects of Nutritional Intervention 
Many of the prevalent healthcare problems of recent years have their basis in nutrition, 
notably obesity, type II diabetes and malnutrition.  Much interest has focused on the 
contribution of our commensal intestinal microbiota to the development of these 
disorders; studies have interrogated the link between the microbiota and the onset of non-
alcoholic fatty liver disease and the contribution of the microbiome to calorific recovery 
from food (Dumas et al, 2006a; Kalliomaki et al, 2008; Martin et al, 2007a; Xu et al, 
2003a; Xu et al, 2003b).  As such it is necessary to begin to characterise the complex 
interplay between the diet, microbiota and mammalian physiology in a suitable animal 
model such as the pig.  Metabonomics serves as an ideal platform for interrogating these 
complex and dynamic interactions in response to nutritional intervention strategies 
(Martin et al, 2008). 
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It is here proposed that the application of metabonomics in conjunction with 
immunological parameters will enhance our understanding of the complexity of the 
‘superorganismal’ response to dietary intervention. 
 
1.3.1.1 Factors affecting the metabolic phenotype or ‘metabotype’ 
The microbiome differs not only between species, strains, ages and sexes but also 
between individuals and this difference can have a profound effect on the metabolic 
phenotype of the host organism (Holmes and Nicholson, 2005; Nicholson et al, 2004).  
Indeed, a study carried out by Kochhar et al demonstrated the ability to distinguish 
between age, gender and body mass index (BMI) in the plasma and urinary metabolic 
profiles of humans (Kochhar et al, 2006).  Urine has been demonstrated as a sensitive 
metabolic profile that accurately reflects dietary intake as opposed to plasma and saliva 
(Rezzi et al, 2007) so serves as an ideal biological matrix for the non-invasive analysis of 
dietary intervention.  Metabonomics of biofluids has also been used to differentiate 
between two different strains of mouse due to their microbiotal signature (Gavaghan et al, 
2000) and so the possibility of developing a minimally invasive strategy to assess 
microbiome activity can be established.  Variation in the metabolic phenotype leads to a 
disparity in the response of organisms to dietary interventions and the development of 
organic disease (Dumas et al, 2006a).  Capturing this phenotypic variation in the form of 
a mathematical model that can be used to predict the outcome of an intervention in any 
individual is known as pharmacometabonomics (Clayton et al, 2006) and this principle 
can be extended in to ‘nutrimetabonomics’ to interrogate the relationships between 
biological imprinting and phenotype (Rezzi et al, 2007).  Given that the microbiome and 
thus the activity of the MIS influence the metabolic phenotype (metabotype) of the host, it 
is important to understand the dynamics of the mucosal and systemic responses to 
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nutritional intervention in important test species such as the pig.   It is inherently possible 
that metabolic biomarkers will be more transferable across species than equivalent 
proteomic or transcriptomic biomarkers due to the potential for observing cumulative 
environmental affects (Lindon and Nicholson, 2008) .   
1.4 Scope of Thesis 
Establishing a relevant animal model for interrogation of the mammalian-microbial co-
metabolic network in response to nutritional intervention is of paramount importance for 
generating translatable, biologically significant information from metabonomic 
experiments.  The ability to study additional experimental parameters such as 
transcriptomic, proteomic, metagenomic and immunologic data in parallel due to the large 
volume of tissue recoverable from these animals provides the potential to establish a 
mechanistic framework for metabolic alteration in response to an intervention.  This thesis 
focuses on the applicability of using pigs as a model to examine these interactions with 
special reference to the immuno-metabolic interface. 
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2 Materials and Methods 
2.1 Data Analysis Strategy for Metabonomics 
 
Figure 2.1: Schematic representation of the steps involved in a metabonomic investigation 
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2.2 Nuclear Magnetic Resonance Spectroscopy  
Nuclear magnetic resonance (NMR) spectroscopy has been used throughout this thesis to 
provide an overview of the metabolic composition of biofluids and tissue of the pig.  
NMR requires minimal sample preparation, is highly reproducible (Dumas et al, 2006b) 
and provides a high-throughput analytical strategy for metabolic profiling and will herein 
be described in detail.  
 
2.2.1 Quantum Theory 
NMR spectroscopy is defined as the detection of the interchange of energy between 
nuclear spin states, in a magnetic field, and electromagnetic radiation.  This technique 
uses the concept of spin angular momentum, which is determined by the spin quantum 
number (I), dependent on the relative number of protons to neutrons in the nucleus.  
 
The spin quantum number (I) can have differential properties depending on the category 
of nuclei, and three main categories are known: non-NMR active nuclei, dipolar nuclei 
where I = ½ and quadrupolar nuclei where I > ½; metabonomics mainly employs proton 
(1H) NMR spectroscopy where I = ½.  Other I = ½ nuclei are 13C, 31P and 15N which 
makes the application of NMR valuable for structural elucidation of a wide range of bio-
molecules.  All NMR active nuclei possess angular momentum which is quantised, i.e. it 
can only take certain values, from which a magnetic moment (m), also quantised, is 
derived.  m can take values from I, I-1, … -I, and thus for I =1/2 the values of m can be 
+1/2 and -1/2.  In a magnetic field (B0) this moment can align with or be in opposition to 
the field, giving rise to one or more quantised energy levels (Figure 2.2). The energy 
difference is proportional to the nuclear magnetic moment and the magnetic field strength 
(see Equation 2‐1) and the populations of these levels are governed by the Boltzmann 
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distribution and this difference at room temperature for available magnetic field strengths 
is rather small, being of the order of one in 105 (Hore, 1995). 
 
Figure 2.2: Figure showing the effect of a magnetic field (B0) on the energy difference (E) between the different 
spin states of a proton. 
 
ΔE = γ(h/2π).B0 = h.ν 
Equation 2-1: (h=Planck’s constant)  
For a macroscopic sample there will therefore be a net magnetization parallel to the 
magnetic field axis, and this can be denoted by a vector (see Figure 2.3).  Application of 
an oscillating electromagnetic field termed B1 (for NMR this is in the radiofrequency part 
of the spectrum) will induce transitions between the energy levels.  This has the effect of 
tipping the magnetization away from the B0 axis (denoted z) and into the x-y plane where 
a receiver coil is placed.  If the B1 power is such that the magnetization tips by 90 degrees 
this induces the maximum voltage (this will be oscillating since the nuclei continue to 
precess around the B0 axis).  This signal is known as a free induction decay (FID), which 
can be detected by the receiver coil in the probe.  The time it takes to return to the initial 
spin distribution is known as the spin-lattice or longitudinal relaxation (T1) and is 
generally in the order of a few seconds, there is a second relaxation process that occurs in 
the x/y (transverse) plane called spin-spin relaxation (T2). 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Figure 2.3: Schematic of NMR experiment. 
Red arrow represents the spin-state of a proton prior to and following excitation using a short radiofrequency pulse (B1) 
in a magnetic field (B0).  The net magnetization (Mz) is tilted into the x/y plane (Mx/y) where it is detected and 
converted using an analogue/digital converter (ADC) generating a free induction decay (FID). 
 
As described below, the local chemical environment has an effect on the locally 
experienced magnetic field: due to different electronic effects, some nuclei will be more 
shielded/de-shielded than others and will thus experience a different resonance frequency 
for a given magnetic field value.  These effects are visible in the spectra by different 
chemical shifts and splitting patterns after the FID has been subjected to Fourier 
transformation (FT) to convert the time domain information into frequency domain data 
(Figure 2.4).  
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Figure 2.4: Figure depicting the transformation of time domain information (A) to frequency domain 
information (B) by Fourier Transformation.  
Integrating the area underneath a given peak provides information about the number of 
protons contributing to that peak and hence the relative concentration of the compound 
compared to other molecules, thus 1D NMR can be seen as a quantitative method of 
observing metabolic concentration changes.   
 
2.2.1.1 Chemical shift 
Every nuclear species has a different basic NMR frequency called the Larmor frequency 
but this is modified for nuclei in atoms in molecules, and each nucleus then has a specific 
resonance frequency governed by many factors such as electronegativity, local chemical 
environment, electron density, shielding and ring currents. This frequency shift is called a 
chemical shift and is measured relative to that of a standard substance.  Knowledge of 
chemical shifts then enables identification of the molecules present in a complex mixture 
(Macomber, 1998).  The value of given chemical shift is denoted in parts per million 
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(ppm) from that of a reference compound, this being a relative measurement and is thus 
the same for a given nucleus irrespective of the frequency of the spectrometer. 
 
2.2.1.2 Spin-Spin coupling 
When two magnetic nuclei are in proximity, their magnetic moments can interact.  For 
rapidly tumbling molecules in solution this effect is averaged to zero for intermolecular 
interactions.  For intramolecular interactions, two mechanisms are possible – a direct 
dipolar interaction through space and an indirect effect transmitted principally via 
intervening electrons in the chemical bonds. Again, for rapidly tumbling molecules in 
solution, the dipolar coupling is averaged to a net value of zero, but the instantaneous 
values are important for nuclear relaxation and give rise to the nuclear Overhauser effect.  
The indirect coupling, which for protons usually only acts over no more than four bonds, 
is termed indirect spin-spin, or J-coupling.  This results in a splitting of the NMR peak in 
a pattern defined by the population of different spin combinations for the interaction.  For 
simple systems, this can be calculated using Pascal’s triangle (Figure 2.5) for example, a 
triplet has 3 peaks with an intensity of 1:2:1 (row 3).  This rule does not apply when the 
chemical shifts and J-couplings are of comparable magnitude or for symmetrical 
molecules.  J couplings are independent of B0 and are measured in hertz (Hz). J-coupling 
can provide a wealth of information regarding the number of interacting protons, the 
chemical bond characteristics and the dihedral angles between bonds (Hore, 1995).      
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Figure 2.5: Pascal’s triangle. 
  
2.2.2 Specific NMR Techniques Used in Metabonomics 
2.2.2.1 One dimensional NMR pulse sequences 
A variety of 1D 1H NMR pulse programs are employed in metabonomics depending on 
the tissue or biofluids under consideration and the information required. Usually, a 
standard 1D experiment, using the first increment of a standard nuclear Overhauser 
enhancement spectroscopy (NOESY) 1 dimensional experiment ((noesypr1D) (RD-90o-t1-
90o-tm-90o-acquisition) is used, where RD is a relaxation delay, t1 is a short delay 
(typically ~3 μs) and tm is a mixing time (usually 100-150 ms)), (Figure 2.6A).  Data 
using this pulse sequence is generally collected for all biological matrices and provides an 
overview of the molecules in a sample.  For urine, which generally does not contain 
macromolecular structures apart from a small extent of protein excretion, it is typically 
the only 1D experiment conducted.  For tissues and serum, which contain macromolecular 
structures such as lipids, proteins and triglycerides, it can be of interest to apply specific 
pulse sequences to highlight or suppress the contribution of these resonances.  By their 
very nature, free molecules tumbling in a liquid state have varying relaxation times and 
different diffusion coefficients depending on their mass and size.  By applying different 
pulse sequences to the sample therefore, it is possible to obtain spectra with peaks from 
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all the large molecules, such as lipids or lipoproteins severely attenuated by such pulse 
sequences as the Carr-Purcell-Meiboom-Gill (CPMG) spin-echo sequence (RD–90o–(D–
180o–D)n–acquisition) where RD is a relaxation delay and D is the spin-echo delay 
(Figure 2.6B).  Conversely, a diffusion-edited (Figure 2.6C) pulse sequence ((RD-90o-G1-
180o-G1-900-G2-T-90o-G1-180o-G1-90o-G2-t-90o) where RD is the relaxation delay and 
G1 and G2 are magnetic field gradients) allows selective detection of peaks from 
macromolecules.   
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Figure 2.6: A typical pig serum sample displaying 1D 1H spectra acquired using three different pulse programs. 
 A: Standard 1D using the 1st increment of a NOESY experiment; B: Carr-Purcell-Meiboom-Gill spin-echo spectrum to 
highlight contributions from small molecules; C: Diffusion-edited spectrum to highlight macromolecular resonances.   
All spectra have the water resonance at ~δ4.8 removed.  
The signal-to-noise ratio in the spectra is proportional to the square root of the number of 
co-added scans; therefore a high number of scans, at least 128 or 256 are often used to 
collect data but this is dependent on sample concentration and probe sensitivity.  A 
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cryoprobe can enhance the signal-to-noise ratio and hence reduce the acquisition time by 
a factor of up to 16 by reducing the temperature of the NMR detector coil to around 20K, 
although the sample remains at ambient temperature. 
 
2.2.3 Two-Dimensional 1H-1H and 1H-13C NMR Pulse Programs 
Due to signal overlap and the fact that there are still a large number of compounds for 
which the chemical shift is unknown, it is necessary at times to employ two-dimensional 
NMR experiments to gain additional information on NMR peak connectivity (e.g. through 
J-coupling) and thus give information on molecular composition and so aid structural 
elucidation in complex biological samples.  This is explained in greater detail in section 
3.5.1.1. 
 
2.2.3.1 J-Resolved spectroscopy 
J-Resolved spectroscopy (J-RES) is a method for resolving the chemical shifts of peaks 
from the spin coupled multiplicities in a two-dimensional matrix in a reasonably short 
time (Aue et al, 1976).   During acquisition, a matrix of spin-echo pulse experiments is 
collected for which an evolution time is incremented, giving rise to a second time 
dimension and hence frequency dimension (F1) following Fourier transformation.  The 
two dimensional spectrum can be tilted by 45 degrees to make the J-coupled multiplets 
orthogonal to the chemical shift axis and then when these are projected on to the chemical 
shift axis (F2), a spectrum of singlets results providing a ‘decoupled’ 1D 1H NMR 
spectrum along the F2-axis and the J-coupling/splitting information in the F1 domain 
(Figure 2.7).  This is an increasingly used tool in metabonomics since the 2D spectra can 
also be collapsed into a skyline projection of ‘decoupled’ peaks; this has the effect of 
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deconvolving the information from a multiplet into a singlet which abrogates some of the 
issues regarding peak-positional overlap in pattern recognition (Fonville et al, 2010).  
 
Figure 2.7: A partial 1H J-RES spectrum of pig liver illustrating the visualisation of splitting patterns in the F1 
dimension and the chemical shift information in F2.   
Red projection at the base of the figure represents a skyline projection of the ‘decoupled’ peaks.   
Both homo (1H-1H) and hetero-nuclear (e.g.1H-13C) J-resolved spectroscopy exist.   
2.2.3.2 Two-Dimensional 1H-1H correlation spectroscopy 
Correlation spectroscopy (COSY) (Hurd, 1990) provides connectivity information about 
two protons in a molecule that are J-coupled to each other, whereas total correlation 
spectroscopy (TOCSY) (Davis and Bax, 1985) gives connectivity information for an 
unbroken chain of coupled protons.  These experiments work by collecting a series of 
FIDs for incremented values of t1, these undergo FT at each time-point to obtain the 
spectra along F2 and then a further FT of the transposed data to give a spectrum in F1 
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(Hore et al, 2000).  This enables the visualisation of the connecting resonances as 
contours with a 1H spectrum on both the x and y axes (Figure 2.8).  
 
Figure 2.8: Figure depicting a partial 1H-1H TOCSY of pig liver illustrating the output from a 2D homonuclear 
experiment.  
Black circles (diagonal) represent auto-correlation and the red circle (off-diagonal) represents coupling.  
2.2.3.3 Two-Dimensional 1H-13C spectroscopy 
Heteronuclear single quantum coherence (HSQC) experiments (Cavanagh et al, 1991; 
Kay et al, 1992; Schleucher et al, 1994) can identify directly bound carbon-proton pairs: 
this pulse sequence utilises single quantum coherence between J-coupled protons and 
carbons to label each proton with the frequency of the directly bonded carbon in the F1 
dimension of the 2D experiment. The advantage of this method is that both proton and 
carbon shifts can be resolved for each of the moieties on a molecule, thus aiding structural 
elucidation.  The 13C dimension also increases signal dispersion and hence interpretation.  
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The heteronuclear multiple bond correlation (HMBC) experiment is used to detect 
carbon-proton chemical shift pairs correlated via long range 1H-13C coupling constants. 
 
2.2.3.4 Magic Angle Spinning spectroscopy  
High-resolution 1H magic angle spinning (HR-MAS) NMR spectroscopy, where a sample 
is spun at an angle of 54.7° (the ‘magic’ angle) relative to the applied magnetic field can 
be applied to intact biological tissue to assess its metabolic composition (Beckonert et al, 
2007).  Spinning tissues at a high speed (typically 4,000-6,000 Hz) at the magic angle 
dramatically increases spectral resolution and information content and minimises the line 
broadening effects observed due to the heterogeneity of the sample, macroscopic field 
inhomogeneities and anisotropic line broadening (Bollard et al, 2000).  For sample 
preparation, biological tissue samples are immersed in 0.9% saline D2O to maintain an 
isotonic state and placed in a zirconium oxide rotor as illustrated in Figure 2.9. 
 
Figure 2.9: A: Schematic diagram of magic-angle spinning rotor and insert and B: Magic-angle applied to the 
filled rotor.  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2.2.4  Sample Preparation for 1H and 13C Spectroscopic Analysis 
All samples were randomised during spectral acquisition to minimise the effects of 
systematic errors such as field drift or temperature effects on the resultant spectra. 
2.2.4.1 Urine 
Urine samples were prepared by adding 220 µl of a 1 mM 3-trimethylsilyl-1- [2,2,3,3,-
2H4] propionate (TSP), 3 mM sodium azide (NaN3), 80/20 (v/v) H2O/D2O phosphate 
buffer solution (pH 7.4) to 440 µl of urine.  The resultant mix was vortexed, left to stand 
for ~20 minutes and then centrifuged at 12,000 g for 20 minutes and 600 µl of the 
resultant supernatant was transferred into 5 mm (outer diameter) NMR tubes (Beckonert 
et al, 2007). 
 
2.2.4.2 Serum 
Blood serum samples were prepared by adding 350 µl 0.9% saline solution containing 
10% D2O (to act as a spectrometer field frequency lock) to 200 µl of blood serum making 
a total volume of 550 µl, the resultant mix was vortexed, centrifuged at 12,000 g for 20 
minutes and transferred into 96-well plates. 
 
2.2.4.3 Tissue 
For HR-MAS NMR spectroscopy, intact tissue samples (~15 mg) were soaked in a 0.9% 
saline D2O solution and inserted in to a zirconium oxide 4 mm diameter rotor, using an 
insert to make a spherical sample volume of 25 µl. 
 
2.2.5 Data Acquisition 
NMR spectroscopy was performed to analyse the biofluids and tissues.  All spectra were 
acquired on either an Avance 600 MHz NMR spectrometer (Bruker Biospin) or an 
Avance II 800 MHz NMR Spectrometer (Bruker Biospin) as indicated in the individual 
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chapters. HR 1H MAS NMR spectroscopy of tissues, as indicated in each section, was 
conducted at an angle of 54.7° relative to the applied magnetic field using a 4 mm g-HR 
MAS HPCD probe for tissue analysis, and a spin rate of 5,000 Hz was applied.  The tissue 
samples were kept at an outer temperature of 283K during the experiment to minimise 
time-dependent degradation (Waters et al, 2000). 
 
2.3 Pattern Recognition Techniques for Data With Multiple Variables 
2.3.1 Introduction 
Multivariate statistical analysis can be usefully employed to extract information from the 
complex data matrices generated by ‘omics’ techniques (Eriksson et al, 2004). 
Unsupervised pattern recognition methods are not driven by any a priori information on 
the samples during the calculation and thus focus on the main source of variation in the 
data.  For this reason, they are a recommended first step in multivariate data analysis to 
assess how much the intervention under consideration has affected the system.  In 
contrast, supervised pattern recognition techniques extract information focused on the 
intervention under consideration and use this information in the calculation.  Although 
more powerful to uncover variation related to the experimental design, they are often 
prone to over-fitting and need thorough validation prior to any interpretation.  A 
combination of supervised and unsupervised pattern recognition techniques is therefore 
used for data analysis throughout this thesis to extract the most relevant biological 
information from the intervention under investigation. 
 
In order to eliminate experimental artefacts and to ensure accurate statistics are obtained 
during multivariate data analysis, it is necessary to pre-process spectral data to optimise 
the quality and homogeneity of the spectra across the sample set.  This pre-processing is a 
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multi-stage process and is followed by data analysis as outlined by the schematic in 
Figure 2.1. 
 
2.3.1 Data Pre-Processing 
An exponential window function with a line broadening of 0.3 Hz was applied prior to 
Fourier transformation to all 1D NMR spectra.  The resultant spectra were phased, 
baseline corrected and calibrated to TSP at δ0.0 (urine) using an in-house routine NMR 
proc (in house software developed by Drs. T. Ebbels and H. Keun), or the centre of the α-
glucose H1 doublet at δ5.33 (blood serum & tissues) (Pearce et al, 2008), these were then 
manually checked using Topspin (2.0a, Bruker BioSpin 2006) as a visualiser.   
The spectra were subsequently imported into Matlab (R2009b, The MathsWorks inc.) 
where the region containing the water resonance ~(δ4.6-5.0) and for urine, urea ~(δ4.6-
5.9) were removed.   
 
2.3.1.1 Alignment of spectra  
The spectra were aligned using an in-house algorithm (Veselkov et al, 2009), if necessary, 
to abrogate the effects of peak shifting due to variations in pH and chemical exchange 
phenomena.  This process renders the spectra more amenable to robust analysis by pattern 
recognition techniques as it removes artefactual variation and allows easier spectral 
comparisons (Figure 2.10). 
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Figure 2.10: Schematic representation of a region of set of NMR spectra showing the citrate region before (A) 
and after (B) recursive signal alignment.   
2.3.1.2 Statistical Total Correlation Spectroscopy editing to remove 
confounding signals 
To remove artefactual ethanol peaks from the post-mortem process in the serum and 
tissue, Statistical Total Correlation Spectroscopy (STOCSY) Editing was performed in 
Matlab using an in-house routine (Sands et al, 2009).  This method works by identifying 
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all the resonances of a molecule by their statistical covariance and stripping all variables 
with a covariance greater than the user defined cut-off from the data matrix.  It allows 
clean removal of artefactual resonances such as ethanol, whilst leaving other, unrelated 
resonances that may have been overlapped by the contaminant intact, as illustrated in 
Figure 2.11. 
 
Figure 2.11: Figure depicting a set of spectra before STOCSY editing to remove the ethanol resonance at δ1.18 
(A) and the spectra with the ethanol triplet edited out (B).  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2.3.1.3 Normalisation 
The data were then normalised to the probabilistic quotient (Dieterle et al, 2006) to 
minimise the effects of inter-sample variation due to phenomena such as dilution for urine 
samples and to correct for inconsistencies in the volume of tissue used for HR-MAS-
NMR of tissue samples. 
 
2.3.1.4 Variable scaling 
To enhance the interpretability of multivariate models, they are generally centered, where 
the mean of each variable is set to 0.  Unit variance (uv) scaling can be used as a method 
to ensure that each variable is given equal weight in the model and works by dividing 
each variable by its standard deviation so that as a result, all the variables have a variance 
of 1.  This method ensures that the model is not dominated by a few high concentration 
metabolites. 
 
2.3.2 Data Analysis 
All statistical techniques were performed in Matlab (using in-house routines) unless 
otherwise indicated. 
 
2.3.2.1 Principal Components Analysis 
Principal component analysis (PCA) is a dimension reduction method that characterises 
the main source of variation in a multidimensional dataset and can be used as an 
unsupervised pattern recognition technique.  PCA extracts the dominant patterns, in terms 
of the directions of largest variation, from a data matrix into a complementary set of 
scores and loading plots (Ringner, 2008).  A table of observations, X, can be represented 
as a swarm of points in R dimensional space and projected on to a hyperplane (Figure 
2.12).   
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Figure 2.12: Schematic representation of Principal Components Analysis.  
Table of observations and variables X is represented as a swarm of points.  Principal component 1 (PC1) describes the 
direction of maximum variation in the data; PC2 describes the next greatest direction of variation that is orthogonal to 
PC1.  Blue dashed lines represent the projection of the points on to principal component 1 to generate a set of scores for 
each PC.  
The coordinates represent a compressed view of the data displayed as scores and the 
directionality of the vectors provides a representation of the variables (Eriksson et al, 
2004; Ringner, 2008).  This method is very useful for taking an initial look at data; it has 
the capacity to detect strong and moderate outliers by the Hotellings T2 plot and the 
distance to model plot respectively.  Outliers may indicate either artefactual or biological 
anomalies and their presence can bias the model leading to reduced sensitivity.  
Inspecting PCA plots can provide insights in to different methods of pre-processing and 
variable selection by affording a way of initially visualising outliers and separation of the 
data set (Eriksson et al, 2004).  The spectral variables contributing to the variation can be 
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ascertained by inspecting the corresponding loadings plot, which provides information 
regarding the weight of each variable in the model. 
 
2.3.2.2 Partial Least Squares and related methods 
Partial Least Squares (PLS) is a common method used to tackle multivariate data sets 
where the number of variables is greater than the number of observations as is usually the 
case in metabonomics.  It is a multivariate regression method and was initially designed 
for multivariate calibration purposes.  However, similar to multiple linear regression, it 
can also be used in a discriminant analysis context.  For this reason, PLS and related 
methods have become a common method for supervised pattern recognition. Instead of 
finding the directions of maximum variance between all the samples, PLS computes its 
components by finding the directions in X (in this case the matrix of spectral data) and Y 
(in this case, the class, or other outcome, information), that maximise the covariance 
between X and Y. 
In order to use PLS for discriminant analysis (PLS-DA), the Y matrix is built as a dummy 
matrix defining class membership; the scores plot then provides information about the 
class separation and the weights give information regarding the variables responsible for 
the separation.  Orthogonal-PLS (O-PLS) (Trygg and Wold, 2002) is a PLS method with 
an integrated Orthogonal Signal Correction (OSC) filter (Wold et al, 1998).  O-PLS 
separates systematic noise as orthogonal components from the predictive components that 
are related to Y.  O-PLS in a discriminant analysis (O-PLS-DA) context is often utilised 
in metabonomics data analysis as a method to reduce the inherent inter-individual 
variation in complex biological samples.  
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Throughout this thesis a method of visualisation developed by Cloarec et al will be used 
to interpret spectral variability due to intervention (Cloarec et al, 2005b).  This method 
works by back-scaling the covariance onto a pseudo-NMR spectrum representing the 
directionality of the variation and colour-coding each variable by the correlation 
coefficient (r2) (Figure 2.13). 
 
Figure 2.13:  Example of a back-scaled O-PLS-DA loadings plot.   
All variables pointing upwards are increased in group A relative to group B and those pointing down increased in B 
relative to A.  The colour of each variable corresponds to its correlation coefficient as indicated by the colour bar.  
Increasing shades of red indicate an increased correlation coefficient.  
2.3.2.3 Statistical Total Correlation Spectroscopy 
Statistical Total Correlation Spectroscopy (STOCSY) is a correlation spectroscopy 
method based on the statistical connectivity between data points in a set of spectra.  This 
method is based on the properties of the correlation matrix computed from the data point 
intensities in a set of sample spectra.  The correlation matrix from a set of spectra 
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containing different amounts of the same molecule will show very high covariance 
between the variables corresponding to the resonances of the same molecule, where 
metabolite signals are not heavily overlapping (Cloarec et al, 2005a).  This approach 
enables identification of highly correlated peaks that arise from the same molecule, thus 
aiding structural molecular identification.  It can also identify peaks arising from the same 
pathway that are not necessarily structurally correlated to the driver peak; these are 
normally visualised in the output as having a lower correlation coefficient, or even an 
anti-correlation, than the peaks corresponding to the same molecule, but nevertheless 
show a systematic association (Figure 2.14).  STOCSY is a useful tool for molecular 
identification and allows the correlation of 1H peaks even when there is no J-coupling.  It 
requires a sufficient number of spectra of variable composition in order to return useful 
information. 
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Figure 2.14: Partial STOCSY correlation using a peak at δ3.82 as a driver peak.   
Peaks highlighted in increasing shades of red display a high degree of correlation (>0.7) with the driver peak, whereas 
those in decreasing shades of yellow and light blue are weakly correlated and may represent structural correlations 
underneath overlapping peaks or pathway connections.   
 
2.3.3 Validation of Models 
2.3.3.1 Re-sampling and permutation testing 
One of the problems inherent in interpreting multivariate data stems from the likelihood 
of generating a high number of spurious correlations as the number of variables in a 
model increases.  This is especially relevant for metabonomics data, where a full 
resolution set of NMR spectra will contain in the region of 9,000 variables; however, 
there are ways around these problems in order to ensure that a robust model is obtained.   
With a PLS based approach, a re-sampling step can be conducted whereby the Y matrix is 
randomly permuted and the probability of obtaining a model with a similar predictive 
ability (Q2) to the one generated can be assessed.   The p value noted by each of the 
models presented represents the degree of confidence that the model could not have been 
spuriously generated. 
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For PLS-DA and O-PLS-DA models, all the models have been subject to a 7-fold cross-
validation; this is where a portion of the data is sequentially left out of the model and re-
analysed, this occurs 7 times to give an accurate spread of the data and provides 
confidence that the predictive ability of the model is robust. 
 
2.3.3.2 Optimising the number of model components 
Multivariate models provide values of R2, which represents the explained variance within 
a model, and Q2, which correspond to the predictive ability of the model.  Q2 is computed 
through a cross validation step, and for this reason is also often called the cross-validation 
parameter.  Looking at these values indicates the optimum number of components to use 
within a model; when Q2 ceases increasing then the model begins to lose its predictive 
ability and hence becomes less robust.  One of the preliminary steps of generating a valid 
model then, is optimisation of the number of components to use in order to avoid over 
fitting of the model, which is evident when the R2 of Y is significantly greater than the Q2 
of Y. 
 
2.3.3.3 Integration of selected spectral regions 
Targeted univariate analytical approaches can be conducted on integral regions (Figure 
2.15) of those metabolites that have been flagged up by validated multivariate statistical 
models.  The NMR data matrix for all samples should be assessed when selecting the 
integral regions to ensure that any variations due to peak shift are accounted for, if the 
region is overlapped with another resonance this needs to be taken into account in 
interpretation of results. Where multivariate models have been used to identify 
‘significant’ peaks, subsequent testing based on integrals or ratios should consider using a 
Bonferroni, or other correction for multiple testing.         
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Figure 2.15: An example selection of regions of spectral interest for integration.   
A and B represent different metabolites and the integrals can be obtained and univariate statistical analysis conducted to 
confirm the degree of variation.  
One of the downsides of using integration approaches is that, due to the inherent over-
crowding and propensity for peak overlap in the NMR spectra, it can be problematic to 
unambiguously select appropriate integral regions on which to conduct these analyses.  It 
also needs to be taken into account that for NMR spectroscopy to be truly quantitative a 
number of precautions have to be taken and in general in routine metabonomics 
applications, NMR should be regarded as a semi-quantitative method (Bauer et al, 1998).  
Additionally inter-sample variation such as turbidity and dilution can affect NMR 
parameters such as shimming and this can potentially have an effect on the line width of 
the individual peaks and therefore will affect the value obtained by integrating the NMR 
peak.  This issue is in part removed by randomisation during spectral acquisition and by 
applying a line-broadening step when pre-processing the spectra.   
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3 Multi-Compartmental Characterisation of the Porcine Metabolome  
3.1 Summary 
 
A metabolic framework for future interrogation of the microbial-mammalian co-metabolic 
axis in the pig was established.  Here, the control metabotype of urine, serum, liver and 
kidney was examined using conventional 800 MHz NMR spectroscopy and HR-MAS 
NMR spectroscopy.  Assignments have been made using a variety of two-dimensional 
homo and heteronuclear NMR techniques and statistical spectroscopy.   
 
An inter-compartmental comparison of NMR visible metabolites was conducted, along 
with an evaluation of the methods available for examining the pathway contribution from 
each biological matrix. 
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3.2 Aims 
i) To identify the most abundant NMR visible metabolites present in the two most 
easily obtainable and widely used biofluids (urine and serum) and the two 
most metabolically active organs (liver and kidney) of the pig in order to 
establish a baseline metabolome for this important test species. 
ii) To qualitatively compare the metabolites observable by NMR in each of these 
biological matrices. 
iii) To assess the pathway involvement of these metabolites and hence ascertain the 
relevance of using biofluids and tissues to investigate endogenous and gut 
microbial metabolism by assessing the proportion of the metabolome 
represented by metabolites of extra-genomic origin.  
 
3.3 Introduction 
3.3.1 Porcine Metabonomics 
The pig is an important model for human physiology and has been used extensively in 
research as a model for: cardiovascular physiology, obesity, stress, dermatology, 
teratology, toxicology, immunology, behaviour, hemodynamics, renal physiology, 
experimental surgery, gastroenteritis, diabetes, drug metabolism, perinatology and 
nutrition (Bustad et al, 1966; Miller et al, 1987).  This species has recently found its way 
into metabonomics research (Bertram et al, 2007; Bertram et al, 2006; Brundige et al, 
2010; He et al, 2009; Roberts et al, 2001; Yde et al, 2010), and several studies have used 
a metabonomics approach to characterise the response to nutritional intervention.  
However, as of yet, the pig model has not been used to its full extent to interrogate 
nutritional effects on microbial-mammalian interactions or mucosal immunological 
readouts from a metabonomics perspective.  This is surprising given that porcine 
gastrointestinal physiology is much more similar to our own than rodent counterparts so 
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often used for the study of nutrition and gut-microbial-host interactions by metabonomics 
(Dumas et al, 2006a; Martin et al, 2007a; Martin et al, 2006; Martin et al, 2007b; Martin 
et al, 2008; Nicholls et al, 2003; Wikoff et al, 2009; Williams et al, 2005).   This perhaps 
stems from the fact that pigs, excepting mini-pigs of course, are by their very nature large 
and cumbersome animals and are therefore more difficult to work with and require more 
space and extensive animal handling facilities than rodents.  However, their size is an 
advantageous trait when considering the ever-increasing move of medical research 
towards a ‘systems’ approach, as a multiple analytical platform experimental approach 
requires greater sample volume than traditional experiments.  
 
In order for future work in this field to progress swiftly, it is necessary to gain a basic 
understanding of the basal metabolic profile of the pig in order that NMR peak 
assignments are veracious and hence that biological interpretations derived from 
metabonomic data are based on valid information.  It is also of interest to assess the 
suitability of analysing different biofluids and tissues to answer experimental hypotheses. 
 
3.4  Materials and Methods 
3.4.1  Animal Husbandry 
As part of a wider study on nutritional intervention in weaning pigs (see section 4.4.1 for 
full experimental protocol); urine, serum, liver and kidney samples from the control group 
(n=7) of 12-week-old white/landrace pigs were collected at post-mortem, conducted at the 
School of Clinical Veterinary Sciences (Bristol University, Langford).   Pigs were 
euthanased at 12 weeks by injection with Stresnil (Azaperone) to act as a sedative 
followed by intra-venous injection of Euthatal (Pentobarbitone).  Blood was drawn from 
the jugular vein immediately post-mortem, centrifuged and serum was aliquotted then 
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frozen at -40oC.  Urine was removed immediately by direct extraction from the bladder 
via sterile syringe and snap frozen.  Sections from the tip of the left lobe of the liver and 
from the cortex of the left kidney were excised and snap-frozen in liquid nitrogen within 
15 minutes post-mortem.  Tissue samples were stored at -80oC and urine and serum at -
40oC. 
 
3.4.2 One and Two-Dimensional 1H and 13C Spectroscopic Analysis 
Standard 1D spectra (as described in 2.2.2) were acquired for all samples and further two-
dimensional NMR experiments for metabolite identification were conducted on a 
representative sample from a male animal.  All 1D spectra were acquired on an Avance 
600 MHz NMR Spectrometer (Bruker Biospin) and 1D and 2D experiments for 
identification conducted on an Avance II 800 MHz NMR spectrometer (Bruker Biospin).  
For the identification experiments; 1D 1H, 2D 1H-1H and 2D 1H-13C HSQC NMR spectra 
of serum and urine were acquired with a Bruker 5 mm CP TXI cryoprobe at 300K and HR 
1H and 13C MAS NMR spectroscopy of liver and kidney samples were conducted as 
described in section 2.2.3.4 using a 4 mm g-HR MAS HPCD probe for tissue analysis, 
and a spin rate of 5,000 Hz was applied.  The tissue samples were kept at 283K during the 
experiment to minimise time-dependent degradation which is more rapid at higher 
temperatures (Waters et al, 2000). 
1D 1H NMR spectra were initially acquired for all matrices; 256 scans (16 dummy scans) 
were collected into 64k data points over a 20 ppm spectral width using the first increment 
of a standard NOESY experiment (noesypr1d) with water presaturation during the 
relaxation delay of 2 s and during the mixing time of 100 ms.  A Carr-Purcell-Meiboom-
Gill (CPMG) spin echo sequence (RD-90°-(D-180°-D)n-acquisition) was performed on 
the serum and tissue samples to focus on the contribution of the small molecules with 
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longer T2 relaxation times (Meiboom and Gill, 1958).    Typically, 256 scans (16 dummy 
scans) were collected into 64k data points over a spectral width of 20 ppm with an 
acquisition time of 2.044 s and a relaxation delay of 2 s.  This sequence incorporates an 
echo time (D) of 200 µs, which resulted in a total spin echo time of 64 ms for all matrices. 
Two-dimensional J-resolved spectroscopy (JRES) was used to elucidate the 1H NMR 
peak multiplicity in each matrix; typically 128 scans were collected into 32 increments at 
a resolution of 64k with an acquisition time of 3.407 s.  The sweep width in F1 was 50 Hz 
and water presaturation was employed during a relaxation delay of 2 s.  Spectra were 
processed using a SINE window function along the F1 and F2 axes with SSB=0 and a 
resolution of 64k (in F2) and 128 (F1). Then the peaks were tilted and symmetrised. 
Homonuclear two-dimensional 1H-1H total correlation spectroscopy (TOCSY) spectra 
were performed using a DIPSI2 sequence for Hartmann-Hahn transfer and excitation 
sculpting for water suppression (Hartmann and Hahn, 1962; Hwang and Shaka, 1998; 
Shaka et al, 1988). Typically 64 transients (32 dummy scans) were collected into 512 
increments at a spectral resolution of 8k. Spectra were processed into a resolution of 16k 
(F2) and 1k (F1) using a shifted qsine function.  
 
Two-dimensional echo/anti-echo 1H-13C heteronuclear single quantum correlation 
(HSQC) spectra were collected using a sensitivity improved pulse sequence with adiabatic 
pulses (Cavanagh et al, 1991; Kay et al, 1992; Schleucher et al, 1994) for all matrices. 
Typically, 320 scans were collected into 128 increments at a spectral resolution of 4k in 
F2 and 128 in F1 across a spectral width of 12 ppm and 170 ppm for the 1H and 13C axes 
respectively, with an acquisition time of 0.852 s and a relaxation delay of 1.2 s; 13C 
decoupling was achieved using the GARP method (Shaka et al, 1985), and delays were 
set for a 145 Hz one-bond 1H-13C coupling constant.  Spectra were zero-filled in F2 by a 
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factor of two to 8k and zero filling and linear prediction was applied in F1 to result in a 
resolution of 1k. 
 
3.4.3 Data Processing 
An exponential window function with a line broadening of 0.3 Hz was applied prior to 
Fourier transformation to all 1D NMR spectra, and the resultant spectra were phased, 
baseline corrected and calibrated to the chemical shift of TSP (δ0.0, urine) or the α 
anomeric resonance of glucose (δ5.23, blood serum & tissues) manually using Topspin 
(2.0a, Bruker BioSpin 2006).  Spectra were normalised by the probabilistic quotient 
method (Dieterle et al, 2006) and principal components analysis (PCA) and Statistical 
Total Correlation Spectroscopy (STOCSY) were conducted in Matlab (R2009b, The 
MathsWorks, MA, USA) using an in-house algorithm (Cloarec et al, 2005a).   
 
A Venn diagram was created using Venny software (Oliveros, 2007).  To explore the 
representation of metabolic pathways across the different biological pathways, a 
qualitative pathway analysis was conducted.  The Kyoto Encyclopaedia of Genes and 
Genomes (KEGG) (Kanehisa and Goto, 2000; Kanehisa et al, 2010; Kanehisa et al, 2006) 
was used to retrieve pathway information from each metabolite; this was collated in a 
spreadsheet and a host metabolic pathway with more than one metabolite present assumed 
to be represented by the matrix.  Comparative pathway charts were generated in Microsoft 
Excel. Additionally, Metabolite Set Enrichment Analysis (MSEA) (Xia and Wishart, 
2010), (http://www.msea.ca) was used to perform  over-representation analysis (ORA).  
In this approach, the total number of metabolites in a given pathway is compared to the 
total number of metabolites observed in each matrix, and the probability that the number 
observed is more than would be expected by chance assessed.  A false-discovery rate 
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(FDR) is fitted to the algorithm to correct for multiple testing (Benjamini and Hochberg, 
1995).  
 
3.5  Assignment Strategy 
1D NMR spectra provide an overview of the metabolic profile, are relatively fast to 
acquire and are shown to have high (>98%) analytical reproducibility (Dumas et al, 
2006b).   As such, they are the primary matrix used in NMR-based metabonomics for 
high throughput screening and data mining.  However, it can be problematic to interpret 
and assign the peaks correctly.  Additionally, phenomena such as peak shifting due to 
variable pH effects and peak overlap, which inevitably occurs in highly complex 
biological fluids, add to the complexity and variability of the spectra.  A combination of 
2D spectroscopic techniques was required in this instance to definitively assign all the 
visible metabolites; JRES was used in order to confirm peak multiplicities and 
deconvolute information from overlapping peaks.  Homonuclear techniques such as 
TOCSY provide information regarding intra-molecular proton-proton connectivity and 
thus also aid assignment of overlapping peaks.  Heteronuclear pulse programs such as 
HSQC provide an additional level of verification by providing the carbon shift of a given 
CHn group.  HSQC is especially useful for identifying singlets where no additional 
information can be gleaned from the previously mentioned experiments.  STOCSY 
(explained comprehensively in 2.3.2.3) is a statistical technique employed to view the 
degree of co-variation between a peak of interest and the rest of the spectrum and can 
provide both structural and pathway information (Cloarec et al, 2005a).  This technique 
can be used in cases where peaks are difficult to assign to provide further information 
about the resonance in question and for confirmation of assignments, which should be 
made only if all of the associated NMR visible resonances are present. 
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The flowchart in Figure 3.1 illustrates the multi-stage assignment procedure followed to 
assign NMR visible resonances from the porcine metabolome. 
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3.5.1 Multi-Stage Assignment Workflow 
 
Figure 3.1: A flowchart to demonstrate the step-wise assignment procedure followed to characterise the multi-
compartmental porcine metabolome.  
Key: green arrows indicate a positive answer, red indicate a negative, and purple indicates only one route. 
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3.5.1.1 Spectroscopic validation of assignment 
A worked example of the multi-stage assignment procedure necessary for validation of 
spectroscopic resonances is outlined as follows; Figure 3.2 shows a region of a CPMG 
HR-MAS 1H-NMR spectrum of intact liver with a target resonance at δ1.05.  To assign 
the highlighted resonance, one of the first steps is to evaluate the multiplicity of the 
resonance.   
 
 
Figure 3.2: A partial 1D 1H HR-MAS NMR spectrum of pig liver highlighting a target resonance at δ1.05  
This can be achieved using J-resolved spectroscopy (J-RES) (explained in 2.2.3.1), and 
this resonance can be confirmed as a doublet by looking at the F1 projection of the J-RES 
spectrum in Figure 3.3, which projects the multiplicity of each moiety.  It can also be seen 
here that J-RES is invaluable for aiding deconvolution of information from 1D spectra; 
for example, the resonance highlighted in circle 2 of Figure 3.3 could be supposed from a 
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first glance at the spectra to be a doublet of doublets, yet the J-RES spectrum clearly 
shows that it is in fact two doublets partially overlapped.   
 
 
Figure 3.3: A partial 1H HR-MAS J-RES spectrum of pig liver highlighting the multiplicity (doublet) of the 
target resonance at point 1 in the F1 dimension, and the multiplicity at point 2 (two doublets).  
 
In order to assign a resonance, it is helpful to know the intra-molecular connectivity, as a 
database search using only one resonance is likely to return hundreds of putative hits.  
Homonuclear 1H-1H 2D NMR experiments such as COSY and TOCSY are commonly 
used for this purpose, and, still using the doublet at δ1.05 as an exemplar molecule, the 
intra-molecular connectivities of this moiety can be examined; here this has been 
accomplished using a TOCSY experiment. 
The TOCSY spectrum (Figure 3.4) shows connectivity from the doublet at δ1.05 to a 
doublet at δ0.99. 
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Figure 3.4: A partial 1H-1H HR-MAS TOCSY spectrum of pig liver displaying the intra-molecular connectivity 
between a doublet at δ1.05 and a doublet at δ0.99. 
 
Looking at the entire TOCSY spectrum for the aliphatic region (Figure 3.5), it can be seen 
that these two doublets also display connectivity to two other moieties, a multiplet at 
δ2.27 and a doublet at δ3.62; multiplicities were assigned using the J-RES spectrum. 
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Figure 3.5: A partial HR-MAS 1H-1H TOCSY spectrum of pig liver displaying the intra-molecular connectivities 
of the target resonance.   
3.5.1.2 Identification of candidate molecules 
Literature searches or mining publicly available databases such as the Human 
Metabolome Data Base (HMDB): http://hmdb.ca/ (Wishart et al, 2009; Wishart et al, 
2007) or the Biological Magnetic Resonance Data Bank (BMRB): 
http://www.bmrb.wisc.edu can provide candidate molecules for unassigned NMR 
resonances.  In the case of the example resonance (δ1.05 (d)), the branched chain amino 
acid (BCAA) valine was identified as a likely candidate molecule and this can be 
confirmed using both spectroscopic and statistical methods.  The 13C shifts associated 
with individual proton resonances can be ascertained using a 1H-13C HSQC experiment, 
which has here been conducted for each biological matrix.  Using the results of this 
experiment is a useful tool for validation of assignments and the information gained is 
also helpful for NMR database searching, as carbon shifts are inherently more robust to 
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peak shifting due to variable pH than proton shifts, although they are still prone to peak 
overlap (Willker et al, 1996).  An HSQC spectrum of liver (Figure 3.6) gives the values 
for the carbon shifts for each of the resonances highlighted as being associated with valine 
as shown in Table 3.1 from which it can be seen that the experimentally determined 
values differ by values of not more than δ0.60 from the expected values (taken from 
HMDB). 
 
 
Figure 3.6: Partial HR-MAS HSQC spectrum of pig liver with the 13C chemical shifts of valine highlighted.  
Table 3.1: Table showing the observed and expected 13C chemical shifts of each NMR resonance of valine 
(d=doublet, m=multiplet). 
Moiety δ1H-Chemical Shift Multiplicity 
δ13C Chemical Shift  
Expected (from HMDB) 
δ13C Chemical Shift  
Experimentally determined 
γCH3 
γCH3 
βCH 
αCH 
0.99 
1.05 
2.27 
3.62 
d 
d 
m 
d 
19.4 
20.8 
31.9 
63.3 
19.9 
21.4 
32.3 
63.5 
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From careful evaluation of all of these experiments it is now possible to confirm the 
tentative assignment of valine for this resonance.  The assignment of the proton 
resonances across the spectrum is shown in Figure 3.7.   
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Figure 3.7: Figure showing a 1H HR-MAS NMR spectrum of liver, colour-coding highlights the associated NMR 
visible resonances of valine.   
The embedded table shows a list of expected NMR resonances. 
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3.5.1.3 Statistical evidence to confirm assignment 
While 2D spectroscopic validation of assignment is necessary to ensure correct 
assignation of discriminating variables in statistical models, it is much more time-
consuming than 1D spectroscopy especially when examining low-abundance molecules; a 
comparative summary of typical acquisition time is shown in Table 3.2.  
  
Table 3.2: Table showing the approximate time necessary for each spectroscopic and statistical technique 
routinely used for validation of NMR peak assignments. 
Information 
Required  
Technique  Typical 
Acquisition Time  
1H NMR Chemical 
Shift  
1D NMR  15 minutes  
Multiplicity  2D J-Resolved (J-RES)  40 minutes 
Intra-molecular 
connectivities  
2D Correlation Spectroscopy 
(COSY) or  
Total Correlation Spectroscopy 
(TOCSY)  
1 hour  
 
1 hour 
13C Chemical Shift   2D Heteronuclear Single 
Quantum Coherence (HSQC)  
16 hours  
Statistical 
connectivities  
Statistical Total Correlation 
Spectroscopy (STOCSY)  
1-2 Minutes (Once 
full data set acquired 
and pre-processed) – 
requires multiple 
samples with inherent 
variability in 
composition  
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When initially analysing a data set therefore, it is useful to have a method (STOCSY), 
which makes use of the inherent covariance of NMR resonances from the same molecule.   
This feature also makes the statistical algorithm sensitive to extracting variables which 
have a lower covariance than would be expected from moieties of the same molecule but 
may nevertheless be involved in the same pathway or be biologically related in some way 
(Cloarec et al, 2005a).   When a STOCSY analysis is done using the peak of interest at 
δ1.05 as a driver peak (Figure 3.8), several other peaks are shown as having high (>0.7) 
covariance with valine.  The metabolites associated with valine include the other BCAAs 
leucine and isoleucine; other amino acids such as glycine, alanine, taurine and methionine 
along with glutamate, a pathway intermediate in the degradation of amino acids.  Valine 
is also positively correlated to choline and phosphorylcholine in the liver and may be 
indicative of cellular degradation.   
 
These observations highlight the potential limitations of STOCSY for assignment 
purposes, as it can be problematic to distinguish structural from biological connectivities.  
One way to overcome this is to set a high correlation threshold (~0.9), as biological 
connectivities are unlikely to co-vary as strongly as structural connectivities.  Another 
way is to select a driver peak from one of the correlated moieties and assess whether the 
returned correlated peaks from subsequent analyses fit with hypothesised structural or 
biological connections. 
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Figure 3.8: Statistical Correlation Total Spectroscopy (STOCSY) plot 
Using the resonance at δ1.05 as a driver peak (denoted by red arrow), peaks with a high correlation to the driver peak 
are depicted in red and labeled, the stronger the colour, the higher the correlation. 
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3.6 Results 
3.6.1  Multi-Compartmental Assignment   
 This multi-stage assignment strategy was used to comprehensively identify the great 
majority of the NMR visible resonances in each matrix examined. Identification of the 
endogenous metabolites was made using a combination of the literature (Fan, 1996; 
Nicholson et al, 1995) along with HMDB and BMRB databases.  The assigned 1D spectra 
for each matrix studied: liver (Figure 3.9), kidney (Figure 3.10), serum (Figure 3.11), 
and urine (Figure 3.12) are shown as well as an assigned TOCSY (Figure 3.13 & Figure 
3.14) and HSQC (Figure 3.15 & Figure 3.16) spectrum for urine.  The 2D spectra 
obtained from the other compartments, which were used to generate the comprehensive 
list of cross-compartmental metabolites, are located in Appendix I.  
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Figure 3.9: An assigned 800 MHz CPMG HR-MAS NMR spectrum of pig liver. 
 Key: (GPC=glycerophosphocholine; PC=phosphorylcholine; EtOH=ethanol; lys=lysine; arg=arginine); † Indicates that 
histidine has been assigned but may be present as either histidine itself or 1 or 3-methylhistidine.  Definitive 
identification is not possible due to the high susceptibility of the NMR peaks of this molecule to shift due to variable 
pH. 
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Figure 3.10: An assigned 800 MHz CPMG HR-MAS NMR spectrum of pig kidney.   
Key: GPC=glycerophosphocholine; TMAO=Trimethylamine-N-oxide; † Indicates that histidine has been assigned but 
may be present as either histidine itself or 1 or 3-methylhistidine.  Definitive identification is not possible due to the 
high susceptibility of the NMR peaks of this molecule to shift due to variable pH. ξ denotes that alanine appears as both 
a doublet and a singlet due to effects of deuteration in the MAS rotor. 
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Figure 3.11: An assigned 800 MHz CPMG NMR spectrum of pig serum.   
Key: (TMAO=trimethylamine-N-oxide; GPC=glycerophosphocholine; NAC=N=acetylcysteine; VLDL=very low 
density lipoprotein; LDL=low density lipoprotein). † Indicates that histidine has been assigned but may be present as 
either histidine itself or 1 or 3-methylhistidine.  Definitive identification is not possible due to the high susceptibility of 
the NMR peaks of this molecule to shift due to variable pH. 
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Figure 3.12: An assigned 800 MHz 1D NMR spectrum of pig urine.  
 Key: (PAG=phenylacetylglycine; IAG=indoleacetylglycine; TMAO=trimethylamine-N-oxide); † Indicates that 
histidine has been assigned but may be present as either histidine itself or 1 or 3-methylhistidine.  Definitive 
identification is not possible due to the high susceptibility of the NMR peaks of this molecule to shift due to variable 
pH. Dashed red box indicates a region complicated to assign due to multiple overlapping resonances, but includes the α-
CH resonances of amino acids and glycerol. 
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Figure 3.13: A 1H-1H TOCSY spectrum of the aliphatic region (δ0.5-4.5) of urine.  
† Indicates that histidine has been assigned but may be present as either histidine itself or 1 or 3-methylhistidine.  
Definitive identification is not possible due to the high susceptibility of the NMR peaks of this molecule to shift due to 
variable pH. 
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Figure 3.14: A 1H-1H TOCSY spectrum of the aromatic region (δ6-9) of urine.   
Key: IAG=indoleacetylglycine, PAG=phenylacetylglycine. 
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Figure 3.15: A 1H–13C HSQC spectrum of the aliphatic region (δ0.5-4.5) of urine.   
Key: (TMAO=trimethylamine-N-oxide; PAG=phenylacetylglycine); † Indicates that histidine has been assigned but 
may be present as either histidine itself or 1 or 3-methylhistidine.  Definitive identification is not possible due to the 
high susceptibility of the NMR peaks of this molecule to shift due to variable pH.  Some peaks are unassigned due to 
ambiguity or low signal strength in the corresponding 1D 1H and 2D 1H-1H spectra. 
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Figure 3.16: A 1H-13C HSQC spectrum from the aromatic region ~ (δ6-9) of urine.   
Key: (IAG=indoleacetylglycine; PAG=phenylacetylglycine); † Indicates that histidine has been assigned but may be 
present as either histidine itself or 1 or 3-methylhistidine.  Definitive identification is not possible due to the high 
susceptibility of the NMR peaks of this molecule to shift due to variable pH. 
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3.6.1.1 Table of metabolite NMR assignments 
These findings are summarised in Table 3.3 where the multiplicity and 1H and 13C 
chemical shifts are listed for each resonance.  The experiments used for verification are 
listed, along with an indication of which compartment each metabolite was observed in: U 
(Urine), S (Serum), L (Liver) and K (Kidney). 
 
Table 3.3: Table listing all NMR visible resonances assigned. 
Multiplicity (s=singlet, d=doublet, t=triplet, m=multiplet, dd=doublet of doublets) and location of metabolite (U=Urine, 
S=Serum, L=Liver, K=Kidney), 13C shifts marked by an asterisk (*) were not confirmed experimentally due to the 
absence of an unambiguous resonance and values are taken from HMDB.  Molecules are numbered according to the 
IUPAC nomenclature system. 
Compound Assignment δ1H Multiplicity δ13C Confirmation Compartment 
Acetate βCH3 1.92 s 24.9 1D, JRES, HSQC U,S,L,K 
Acetone CH3 2.23 s 32.7 1D, JRES U,S 
Adenine H8 H2 
8.19 
8.21 
s 
s 
152.4 
152.7 
1D, JRES, 
HSQC, 
STOCSY 
U 
Alanine βCH3 αCH 
1.46 
3.78 
d 
q 
18.8 
53.9 
1D,JRES, 
TOCSY, HSQC U,S,L,K 
β-Alanine CH2COOH N-CH2 
2.56 
3.19 
t 
t 
36.5 
39.5 
1D, 
JRES,TOCSY U,S,L,K 
Albumin Lysyl 
CH2 
CH2 
CH2 
2.89 
2.96 
3.01 
t 
t 
t 
40* 
40* 
40* 
1D, JRES, 
HSQC S 
β-Aminoisobutyrate 
CH3 
CH 
CH2 
CH2 
1.18 
2.60 
3.02 
3.09 
d 
m 
dd 
dd 
17.8 
42.1 
45.1 
45.1 
1D, JRES, 
TOCSY U 
Arginine 
γCH2 
βCH2 
δCH2 
αCH 
1.66 
1.91 
3.27 
3.77 
m 
m 
t 
t 
27.3 
30.8 
43.4 
58.6 
1D, JRES, 
TOCSY, 
HSQC, 
STOCSY 
U,S,L,K 
Ascorbate 
CH2 
CH 
C5 
3.73 
4.01 
4.51 
m 
ddd 
d 
66.9 
72.2 
81.0 
1D, JRES, 
TOCSY, HSQC L 
Asparagine 
1/2βCH2 
1/2βCH2 
αCH 
2.86 
2.96 
4.00 
dd 
dd 
dd 
40.0* 
40.0* 
40.0* 
1D, JRES, 
TOCSY L,K 
Aspartate 
1/2βCH2 
1/2βCH2 
αCH 
2.68 
2.82 
3.91 
dd 
dd 
dd 
39.3 
39.4 
55.1* 
1D, JRES, 
TOCSY,HSQC L,K 
Betaine N-(CH3)3 CH2 
3.27 
3.93 
s 
s 
51.9 
68.6 
1D, JRES, 
TOCSY,HSQC, 
STOCSY 
S,K 
Cholesterol 
C18(in HDL) 
C18(in VLDL) 
C26,C27 
C21 
0.66 
0.70 
0.84 
0.91 
m 
m 
m 
~ 
12.6 
~ 
23.3* 
19.4* 
1D, JRES, 
HSQC S 
Choline 
N-(CH3)3 
βCH2 
αCH2 
3.22 
3.53 
4.06 
s 
dd 
t 
58.2 
72.8 
58.4 
1D, JRES, 
TOCSY,HSQC U,S,L,K 
Citrate 1/2 γCH  1/2 γCH 
2.55 
2.7 
d 
d 
40.6 
40.6 
1D, JRES, 
TOCSY U,S 
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Citrulline 
γCH2 
βCH2 
δCH2 
αCH 
1.57 
1.86 
3.15 
3.76 
m 
m 
q 
t 
25.9 
28.2 
42.0 
58.5 
1D, JRES, 
HSQC, TOCSY U,S,K 
Creatine N-CH3 N-CH2 
3.03 
3.94 
s 
s 
40.4 
57.7 
1D, JRES, 
TOCSY,HSQC U,S,L,K 
Creatinine N-CH3 N-CH2 
3.05 
4.06 
s 
s 
30.52 
56.84 
1D, JRES, 
TOCSY,HSQC U,S 
Cysteine βCH αCH 
3.03 
3.97 
dd 
t 
27.7* 
58.8* 
1D, JRES, 
HSQC K 
Dimethylamine CH3 2.72 s 37.3 1D, HSQC U,S,K 
Dimethylglycine CH3 CH2 
2.93 
3.71 
s 
s 
47.5 
62.6* 1D, HSQC U 
Ethanolamine CH2NH2 CH2OH 
3.13 
3.83 
t 
t 
44.8 
60.2 
1D, JRES, 
TOCSY,HSQC U,L,K 
Formate HCOOH 8.46 s ~ 1D U,S 
α-Glucose 
C4H 
C2H 
C3H 
½-C6H 
½-C6H 
C5H 
C1H 
3.42 
3.54 
3.72 
3.73 
3.77 
3.87 
5.24 
m 
m 
m 
m 
m 
m 
d 
72.9 
72.2 
75.9 
63.8 
64.0 
70.1 
92.5 
1D, JRES, 
TOCSY, 
HSQC, 
STOCSY 
U,S,L,K 
β-Glucose 
C2H 
C4H 
C5H 
C3H 
½-C6H 
½-C6H 
C1H 
3.25 
3.49 
3.49 
3.50 
3.88 
3.91 
4.66 
m 
m 
m 
m 
m 
d 
d 
77.1 
69.8 
79.0 
79.0 
61.1 
63.8 
96.1 
1D, JRES, 
TOCSY, 
HSQC, 
STOCSY 
U,S,L,K 
Glutamate 
βCH2 
γCH2 
αCH 
2.02 
2.34 
3.76 
m 
m 
dd 
29.8 
36.3 
57.6 
1D, JRES, 
TOCSY, 
HSQC, 
STOCSY 
U,S,L,K 
Glutamine 
βCH2 
γCH2 
αCH 
2.15 
2.44 
3.77 
m 
m 
t 
29.2 
33.9 
57.2 
1D, JRES, 
TOCSY, 
HSQC, 
STOCSY 
U,S,L,K 
Glutathione 
CH2 
CH2 
S-CH2 
N-CH 
CH 
2.17 
2.53 
2.95 
3.83 
4.56 
m 
m 
dd 
m 
q 
29* 
34* 
28.3* 
46* 
58.5* 
1D, STOCSY L 
Glycerate 
1/2CH2 
1/2CH2 
CH 
3.72 
3.83 
4.09 
dd 
dd 
dd 
66.9 
66.9 
76.1 
1D, JRES, 
TOCSY,HSQC U 
Glycerol 
1/2CH2 
1/2CH2 
CH 
3.58 
3.62 
3.77 
m 
m 
t 
65.4 
65.4 
74.9 
1D, JRES, 
TOCSY,HSQC U,S,L,K 
Glycerophosphocholine 
N-(CH3)3 
NCH2 
OCH2 
3.22 
3.68 
4.32 
s 
m 
m 
56.6* 
62* 
64.6* 
1D, JRES, 
TOCSY S,L,K 
Glycine αCH2 3.55 s 44.1 1D, HSQC U,S,L,K 
Glycogen 
C2H 
C4H 
C5H 
C6H 
C3H 
C1H 
3.63 
3.66 
3.83 
3.87 
3.98 
5.41 
dd 
dd 
q 
q 
d 
m(broad) 
72.6* 
77.4* 
72.3* 
61.6* 
73.8* 
102.5 
1D, JRES, 
TOCSY,HSQC L 
Glycolate CH2 3.94 s 64 1D,JRES, HSQC K 
Guanidinoacetate CH2 3.8 s 47.4 1D, HSQC U 
Hippurate 
CH2 
mCH 
pCH 
oCH 
3.98 
7.55 
7.64 
7.84 
d 
t 
t 
d 
46.7 
132.9 
134.9 
133.2 
1D, JRES, 
TOCSY, HSQC U 
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Histidines 
CH2 
CH2 
CH 
CH 
CH 
3.16 
3.23 
3.98 
7.09 
7.90 
dd 
dd 
dd 
s 
s 
27.6 
27.6 
56.1 
127.0 
141.1 
1D,TOCSY, 
HSQC U,S,L,K 
α-Hydroxybutyrate 
CH3 
CH2 
CH 
0.9 
1.7 
4 
t 
m 
dd 
11.5 
29.8 
76.2 
1D, JRES, 
TOCSY U,S 
α-Hydroxyisobutyrate 2xCH3 1.36 s 29.3 1D, JRES,HSQC U,S 
Hypotaurine CH2 CH2 
2.66 
3.34 
t 
t 
58.4 
36.2 
1D, JRES, 
TOCSY, HSQC U,L,K 
Hypoxanthine CH CH 
8.18 
8.21 
s 
s 
~ 
~ 1D, STOCSY L,K 
Indoleacetyl-glycine  
CH2 
CH2 
C6H 
C5H 
C2H 
C7H 
C4H 
3.73 
3.82 
7.19 
7.28 
7.35 
7.55 
7.64 
s 
s 
t 
t 
s 
d 
d 
~ 
~ 
125.5 
128.0 
133.4 
134.9 
138.1 
1D, STOCSY, 
HSQC U 
Isoleucine 
γCH3 
δCH3 
1/2γCH2 
1/2γCH2 
βCH 
αCH 
0.94 
1.02 
1.26 
1.47 
2.01 
3.65 
 t 
 d 
m 
ddd 
m 
 d 
14.2 
17.3 
26.9 
26.9 
38.6 
62.5 
1D, JRES, 
HSQC, 
STOCSY 
U,S,L,K 
Isovalerate 
2xCH3 
CH 
CH2 
0.94 
1.94 
2.07 
d 
m 
d 
24.6 
28.8* 
48.0* 
1D, JRES, 
TOCSY,HSQC S 
Isovalerylglycine 
ɛCH3 
δCH2 
γCH2 
αCH2 
0.94 
2.00 
2.20 
3.77 
d 
d 
d 
s 
24.3 
29.0 
48.6 
47.0 
1D, JRES, 
TOCSY,HSQC U 
α-Ketoglutarate βCH2 γCH2 
2.44 
3.01 
 t 
 t 
33.9 
39.6 
1D, 
JRES,TOCSY,
HSQC 
U,S 
α-Ketoisocaproate 
2xCH3 
CH 
CH2 
0.94 
2.10 
2.61 
d 
m 
d 
24.6 
27.2 
51.4 
1D, JRES, 
TOCSY,HSQC U,S 
Lactate βCH3 αCH 
1.33 
4.12 
d 
q 
22.9 
68.7 
1D, JRES, 
TOCSY, HSQC U,S,L,K 
Leucine 
δCH3 
βCH2 
γCH 
αCH 
0.93 
0.94 
1.71 
3.73 
d 
d 
m 
m 
21.1 
22.7 
26.7 
56.2 
1D, JRES, 
TOCSY, HSQC U,S,L,K 
Lipids in LDL CH3(CH2)n (CH2)n 
0.84 
1.25 
t 
m 
23.3 
30.6 
1D,TOCSY, 
HSQC S 
Lipids in VLDL 
CH3CH2CH2C= 
CH2CH2CH2CO 
CH2CH2CO 
0.87 
1.29 
1.57 
t 
m 
m 
14.7 
25.6 
1D,TOCSY, 
HSQC S 
Lysine 
γCH2 
δCH2 
βCH2 
ɛCH2 
1.46 
1.71 
1.84 
3.01 
m 
m 
m 
t 
22.7 
29.6 
33.2 
42.2 
1D, JRES, 
TOCSY, 
HSQC, 
STOCSY 
U,S,L,K 
Malonate CH2 3.13 s 51.7 1D, JRES, HSQC U 
Methionine 
δCH3 
βCH 
γCH2 
αCH 
2.13 
2.14 
2.60 
3.78 
s 
m 
t 
t 
16.5 
32.7 
31.5 
56.8 
1D, JRES, 
TOCSY,HSQC S,L,K 
Methylamine CH3 2.61 s 27.6 1D, JRES, HSQC U,S 
Methylguanidine CH3 2.81 s 30.4 1D, JRES, HSQC U 
Methylmalonate CH3 CH 
1.22 
3.17 
d 
q 
17.9 
54.7 
1D, JRES, 
TOCSY,HSQC U 
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Myo-Inositol 
C5H 
C1H & C3H 
C4H & C6H 
C2H 
3.29 
3.53 
3.63 
4.06 
t 
dd 
t 
t 
77.1 
73.9 
75.1 
74.9 
1D, JRES, 
TOCSY, HSQC U,S,K 
N-acetylcysteine CH3 2.06 s 23.0 1D, JRES, HSQC U,S 
N-acetylglycoproteins NHCOCH3 2.04 s 23.0 1D, JRES, HSQC U,S 
N6,N6,N6 
Trimethyllysine N-CH2 3.11 s 46.9 1D,HSQC U 
Nicotinurate 
CH2 
H5 
H4 
H6 
H2 
3.99 
7.60 
8.25 
8.71 
8.94 
s 
dd 
d 
d 
s 
46.3 
126.7 
138.9 
154.2 
149.9 
1D, JRES, 
TOCSY L,K 
Ornithine 
1/2γCH2 
1/2γCH2 
βCH2 
δCH2 
αCH 
1.72 
1.82 
1.93 
3.04 
3.77 
m 
m 
m 
t 
t 
25.5 
25.5 
30.3 
41.8 
57.0 
1D, JRES, 
TOCSY, HSQC U,S,L,K 
p-Cresol glucuronide 
CH3 
C2H & C6H  
C3H & C5H  
2.30 
7.06 
7.23 
s 
m 
m 
22.0 
122.3 
136.5 
1D, JRES, 
TOCSY, 
STOCSY 
U 
p-Hydroxybenzoate C3H & C5H  C2H & C6H  
6.97 
7.76 
m 
m 
117.0 
133.0 
1D, JRES, 
TOCSY, HSQC U 
p-Hydroxyphenylacetate 
CH2 
C2H & C6H  
C3H & C5H  
3.45 
6.87 
7.17 
s 
d 
d 
46.2 
118.0 
133.0 
1D, JRES, 
TOCSY, HSQC U 
p-
Hydroxyphenylacetylglycine 
CH2 
N-CH2 
C2H & C6H  
C3H & C5H  
3.58 
3.83 
6.88 
7.21 
s 
d 
m 
m 
44.6 
45.3 
118.6 
135.3 
1D, JRES, 
TOCSY, 
HSQC, 
STOCSY 
U 
Phenylacetyl-glycine 
CH2 
CH2 
C2H & C6H  
C3H & C5H  
3.68 
3.75 
7.37 
7.43 
s 
d 
m 
m 
46.1 
47.0 
131.2 
135.1 
1D, JRES, 
TOCSY, 
HSQC, 
STOCSY 
U 
Phenylalanine 
1/2-βCH2 
1/2-βCH2 
C3H & C5H 
C4H 
C3H & C6H 
3.12 
3.26 
7.33 
7.35 
7.40 
dd 
dd 
m 
m 
m 
39.1 
39.1 
132.1 
130.4 
131.8 
1D, JRES, 
TOCSY, HSQC U,L,K 
Phosphorylcholine 
N-(CH3)3 
OCH2 
NCH2 
3.22 
3.68 
4.18 
s 
t 
dd 
56.5 
60.6 
68.9 
1D, JRES, 
HSQC L 
Proline 
γCH2 
1/2βCH2 
1/2βCH2 
1/2δCH2 
1/2δCH2 
αCH 
2.03 
2.03 
2.35 
3.38 
3.41 
4.14 
m 
m 
m 
m 
m 
dd 
26.4 
31.8 
31.8 
48.9 
48.9 
63.9 
1D, JRES, 
TOCSY, HSQC U,S,L,K 
Pyruvate CH3 2.35 s 29.2 1D, HSQC S 
Scyllo-Inositol CH 3.35 s 77.6 1D, HSQC UK 
Serine 
αCH 
1/2βCH2 
1/2βCH2 
3.85 
3.95 
3.95 
dd 
dd 
dd 
59.1 
63.0 
63.0 
1D, JRES, 
TOCSY,HSQC K 
Tartrate 2CH 4.34 s 77.7 1D, JRES, HSQC U 
Taurine N-CH2 S-CH2 
3.26 
3.43 
t 
t 
50.6 
38.9 
1D, JRES, 
TOCSY, HSQC U,S,L,K 
Threonine 
γCH3 
αCH 
βCH 
1.32 
3.6 
4.25 
d 
d 
m 
19.5 
63.4 
68.9 
1D, JRES, 
COSY, HSQC U,S,L,K 
Triglyceride 
CH3(CH2)n 
(CH2)n 
CH2-CH2-CO 
CH2-C=C 
CH2-C=O 
CH2-CH2-CO 
CH*=CHCH2 
1.22 
1.29 
1.58 
2.04 
2.24 
2.75 
5.32 
m 
m 
m 
m 
m 
m 
m 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
1D L,K 
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Trigonelline 
CH3 
C4H  
C3H & C5H  
C1H  
4.43 
8.07 
8.91 
9.11 
s 
m 
m 
s 
51.0 
130.3 
147.5 
148.3 
1D, HSQC U 
Trimethylamine CH3 2.88 s 48.0 1D, HSQC UK 
Trimethylamine-N-oxide N-(CH3)3 3.27 s 59.9 1D,HSQC U,S,K 
Tryptophan 
1/2βCH2 
1/2βCH2 
αCH 
C5H 
C6H 
C1H 
C3H 
C4H 
3.31 
3.49 
4.06 
7.21 
7.29 
7.33 
7.55 
7.74 
dd 
dd 
dd 
t 
t 
s 
d 
d 
29.1 
29.1 
57.9 
122.1 
124.8 
127.9 
114.7 
121.1 
1D, JRES, 
TOCSY,HSQC U,L,K 
Tyrosine C3H & C5H  C2H & C6H  
6.91 
7.19 
d 
d 
118.9 
133.5 
1D, JRES, 
TOCSY,HSQC S,L,K 
Uracil C5H C6H 
5.80 
7.54 
d 
d 
103.7 
146.3 
1D, JRES, 
TOCSY,HSQC L,K 
Uridine 
½-CH2 
½-CH2 
C4ʼH 
C3ʼH 
C2ʼH 
C1ʼH 
C5H  
C6H  
3.81 
3.92 
4.12 
4.24 
4.36 
5.88 
5.92 
7.88 
dd 
dd 
dt 
dd 
dd 
d 
m 
d 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
1D, JRES, 
TOCSY U 
Valine 
γCH3 
γCH3 
βCH 
αCH 
0.98 
1.04 
2.27 
3.62 
d 
d 
m 
d 
19.9 
21.2 
32.2 
63.4 
1D, JRES, 
TOCSY,HSQC U,S,L,K 
 
3.6.2 Qualitative Comparison of the Metabolites Present in Biofluids and Tissues of 
the Pig 
In order to visualise qualitatively the degree of inter-compartmental overlap of 
metabolites between the matrices studied, a list of metabolites from each compartment 
was entered into a Venn diagram shown in Figure 3.17 from which 22 metabolites are 
observed to be ubiquitously expressed across all biofluids and tissues studied.  These 
‘core’ metabolites mainly comprise end products of protein degradation and energy 
metabolites including amino acids and glucose.  Urine is shown to have the most different 
metabotype however, with 20 urine specific metabolites, such as hippurate, 
dimethylglycine, and methylguanidine.  These urine specific metabolites are in part 
composed of metabolites involved in nucleotide metabolism, fatty acid metabolism and 
carbohydrate metabolism.  The compounds highlighted in bold however, have been 
identified previously as being implicated in gut-microbial co-metabolism and as such this 
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study highlights the importance of collecting urine as the best diagnostic matrix out of 
those examined in the pig if information regarding the activity of the microbiome is 
desired.  Although faecal water was not assessed here, it has been shown that faecal water 
composition is more variable than urine and so does not give as stable a profile of gut 
microbial metabolism as the urine composition (Saric et al, 2007). 
 
 
Figure 3.17: A Venn diagram showing the degree of inter-compartmental overlap between the NMR visible 
metabolites assigned in each matrix.   
The central value represents the ‘core metabolome’ the constituents of which are listed to the right of the diagram.  The 
outer values denote the number of tissue specific metabolites in each matrix with the urine specific metabolites listed on 
the left.  Yellow ellipse represents urine, red represents serum, cyan represents liver and blue represents kidney. 
 
The ‘uniqueness’ of the urinary metabolic phenotype can be further visualised in another 
way using PCA to model the urinary, serum, liver and kidney metabolic profiles.  From 
the scores plot it can be seen that urine separates from the other matrices on the 1st 
principal component (PC) (Figure 3.18A) which accounts for 28% of the total variance of 
the model, and the difference between urine and the other biological matrices is ascribed 
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primarily to aromatic metabolites which have been associated with gut-microbial co-
metabolism such as hippurate, indoleacetylglycine, phenylacetylglycine and p-cresol 
glucuronide as well as the methylamines (Figure 3.18 B).   These differences agree in part 
with the Venn diagram although some of the lower abundance molecules such as 
methylguanidine are harder to observe using this method.  The differences between the 
other three compartments are explained by PC2 (Figure 3.18 C) and 3 (Figure 3.18 D) and 
are mainly due to differential levels of endogenous metabolites such as glucose, choline, 
glycerophosphocholine and glutamate. 
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Figure 3.18: PCA scores and loadings plots to visualise inter-compartmental separation.   
A: 3D PCA scores plots with colour coded points denoting the position of each compartment; B: back-scaled covariance 
plot of the loadings colour-coded by the correlation coefficient (r2) which shows the source of urinary discrimination 
along PC1; C is the same plot for PC2 and D for PC3.    
3.6.3 Extra-Genomic Metabolites and Species Differences in Phase II Metabolism 
It has been documented many times previously (Nicholson et al, 2004; Nicholson et al, 
2005; Wikoff et al, 2009) that the symbiotic bacteria resident in the gut can contribute to 
some of the metabolic signals observable by NMR-based metabonomics.  These signals 
can be defined as having a putative bacterial origin by the observation that germ-free 
animals do not excrete them in NMR detectable quantities, (Nicholls et al, 2003; Phipps 
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et al, 1998) and by supporting knowledge of metabolism in the literature.  These signals 
are important to define as the gut microbiota is intrinsically linked to the host 
immunological response to physiological, pathological or environmental challenges and 
thus they may provide valuable information regarding modulation of the microbiome in 
relation to an intervention.   
 
Species differences have been observed in the phase II metabolism of some of these 
compounds between rodents and man.  Here, it can be seen that the pig demonstrates a 
conjugation profile different from either of these species, summarised in Figure 3.19. 
 
 
Figure 3.19: Diagram to display an overview of the inter-specific differences in phase II conjugation of the major 
products of dissimilatory amino acid metabolism in man, rodent and pig.  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3.6.3.1 Mammalian-microbial co-metabolites present in different biological 
compartments of the pig 
To assess the best available biological matrix for extracting information about gut 
microbial metabolism, known information about putative gut-microbial co-metabolites 
observed in the porcine metabolome has here been collated from the literature (al-Waiz et 
al, 1992; Allison et al, 1979; Dawson et al, 2008; Elsden et al, 1976; Ezeji et al, 2007; Li 
et al, 2008; Mitchell et al, 2008; Phipps et al, 1998; Potrykus et al, 2008; Samuel and 
Gordon, 2006; Smith and Macfarlane, 1996; Ward et al, 1987; Yokoyama and Carlson, 
1981; Yokoyama et al, 1982; Yoshimura et al, 1998; Zeisel et al, 1985; Zeisel et al, 1989; 
Zeisel et al, 1983).  The table includes an overview of the metabolic pathway of 
production (if known or suspected) and species of bacteria currently known or thought to 
be involved in their production (Table 3.4). 
 
Table 3.4: Table detailing the NMR visible mammalian-microbial co-metabolites detectable in the porcine 
metabolome, a summary of their metabolism and referenced bacteria associated in their metabolism. 
Compounds marked with an asterisk (*) have been documented and experimentally proved to display inter-species 
differences in phase II metabolism.  Compounds marked with (†) are compounds that can be produced from both 
bacterial metabolism and host endogenous processes or may be dietary derived.  Empty pathway boxes indicate no 
putative pathways defined in the literature. 
 
Mammalian-Microbial Co-
Metabolite 
Pathway Bacteria Implicated in Fermentation 
p-Cresolglucuronide* Tyrosine 
  
p-Hydroxyphenylacetate 
  
p-Cresol 
Clostridia spp. 
Bacteroides spp.  
Bifidobacteria spp.  
Lactobacillus spp. 
Peptostreptococcus  
Subdoligranulum variable 
Phenylacetylglycine* Phenylalanine 
  
Phenylacetate 
Bacteroides spp. 
Clostridia spp. 
Bifidobacteria spp. 
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Indoleacetylglycine* Tryptophan 
  
Indole 
  
Indoleacetate 
Clostridia spp.  
Bifidobacteria spp. 
B.theta  
E. coli  
Peptostreptococcus 
Methylamines† Choline 
  
Methylamine 
Dimethylamine 
Trimethylamine 
  
Trimethylamine-N-Oxide 
Gut Microbiome 
Faecalibacterium prausnitzii 
 
Hippurate† 
 
 
 
Dietary fibre 
  
Benzoic acid 
  
Hippurate 
Gut Microbiome 
 
Aminoisobutyric acid†  B. theta 
Ruminococcus bromii 
Faecalibacterium prausnitzii 
Acetate Dietary Carbohydrate 
  
Acetate 
Gut Microbiome 
Acetone† Dietary Carbohydrate 
  
Acetoacetate 
  
Acetone 
Solventogenic Clostridia 
(e.g. C. acetobutylicum) 
 
Formate†  B. theta 
Alpha-
hydroxyisobutyrate† 
 Faecalibacterium prausnitzii 
Alpha-hydroxybutyrate†  Fusobacterium vivarium 
Guanidinoacetate†  Subdoligranulum variable 
Alpha ketoglutarate†  Bacteroides Spp 
Veillonella Spp. 
Selenomonas Spp. 
Succinate†  Bacteroides 
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All of these compounds can be found in pig urine.  The proportion of the urinary spectra 
that is represented by metabolites with a putative gut microbial origin can be seen in 
Figure 3.20, and it is immediately evident that the gut microbial associated metabolites 
represent a large proportion of the urinary spectra. 
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Figure 3.20: Colour coded figure to display the proportion of the urinary NMR spectra implicated in gut 
microbial co-metabolism.   
Phenylacetylglycine, p-cresol glucuronide and indoleacetylglycine are denoted as ‘primary’ gut microbial co-
metabolites as they have been very well documented to be primarily derived from microbial dissimilatory amino acid 
whereas the ‘secondary’ metabolites listed have a known endogenous or dietary generation step thus can be attributed to 
microbial metabolism with a lower level of certainty. 
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3.6.4 Representation of Metabolic Pathways by Each Matrix 
In order to establish if other differences regarding inter-compartmental variation of 
representation of metabolic pathways exist, a qualitative comparison was conducted using 
mammalian metabolic pathway information retrieved from KEGG. Initially, data 
regarding the metabolic pathway involvement of each matrix was collated; the number of 
metabolites per compartment contributing to each mammalian metabolic pathway listed is 
displayed in Figure 3.21, from which it can be seen that the major pathways represented 
by all compartments are the ABC transporters, aminoacyl tRNA biosynthesis and amino 
acid biosynthesis and degradation, which agrees with the information retrieved from the 
Venn diagram (Figure 3.17).  Using an arbitrary cut-off of more than one metabolite, the 
majority of metabolic pathway representation from all matrices can be found to be due to 
amino acid metabolism (Figure 3.22) and that broadly speaking ~30% of the porcine 
NMR visible urine, serum, kidney and liver metabolome is involved in pathways relating 
to amino acid metabolism.  10% of the tissue metabolome (liver and kidney) and ~20% of 
the biofluid metabolome (urine and serum) is implicated in carbohydrate metabolism, and 
the rest of the metabolites are distributed between pathways involved in energy 
metabolism, translation of proteins, metabolism of co-factors and vitamins, signalling 
molecules, lipid metabolism and nucleotide metabolism.  There is no obvious inter-
compartmental variation observed in terms of metabolic representation of host 
endogenous biological pathways.  These observations are made purely on the basis of the 
number of metabolites in each pathway, and make no assumptions relating to the amount 
of each metabolite present in each pathway.  
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Figure 3.21: Qualitative pathway comparison of the representation of each matrix in relation to its pathway 
involvement as retrieved by KEGG. 
The bars represent the number of metabolites seen which are involved in each pathway; pathways are sub-grouped as 
per the numbering system according to the divisions in KEGG. 
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Figure 3.22: Pie chart showing the proportion of the NMR visible metabolites identified in each matrix involved 
in each metabolic pathway.  
 Numbers relate to pathways defined in the key, those pathways containing one or zero metabolite are not included. 
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Many metabolites can be involved in more than one metabolic pathway.  Thus it is hard to 
definitively ascribe an individual metabolite to a pathway.  This has been addressed to 
some extent by applying an arbitrary metabolite cut-off limit in the qualitative approach 
which in this case was set at >1 metabolite per pathway.  This has the limitation however, 
that some pathways will be over-represented.  An overrepresentation analysis, as 
commonly used in genome-wide RNA expression profile analysis (Subramanian et al, 
2005) was applied to the same data using metabolite set enrichment analysis (MSEA) 
software (http://www.msea.ca) (Xia et al, 2010).  This approach operates by defining a 
metabolite set for a given biological pathway based on metabolic pathways listed in 
HMDB.  The number of metabolites expected to be part of a metabolite set by chance in a 
given list is then calculated, and if there are more metabolites belonging to the set present, 
the metabolite set is assumed to be represented.  The software corrects for multiple testing 
using a 0.05% false-discovery rate (FDR) analysis (Benjamini et al, 1995).  The fold 
enrichment of each metabolite set for each of the biological matrices examined can be 
seen in Figure 3.23.  Of the assigned resonances, there are no database matches for the 
following compounds: albumin lysyl (serum); N-acetylglycoproteins (all compartments); 
LDL and VLDL (serum). MSEA returns a similar profile to the qualitative method of 
pathway representation (Figure 3.21) in that the majority of the NMR visible metabolites 
are involved in protein biosynthesis in each compartment.  This was, for urine, the only 
pathway that was highlighted as being represented after the ORA method corrected for 
multiple testing.  All other compartments were significant for representation of the urea 
cycle; liver and kidney for ammonia recycling and the kidney for arginine and proline 
metabolism; aspartate metabolism; glycine, serine and threonine; methionine and taurine 
and hypotaurine metabolism.   
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Figure 3.23: Figure adapted from the results of an over representation analysis (ORA) using metabolite set 
enrichment analysis (MSEA) 
Bars signify the fold enrichment (ratio of actual hits over expected hits) colour coded for each biological compartment 
and an asterisk (*) denotes significance at the 95% confidence interval after correction for multiple testing using a false 
discovery rate analysis.   
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3.7 Discussion 
3.7.1 Assignment 
The multi-stage assignment strategy outlined in section 3.5 was applied to urine, serum, 
liver and kidney of the pig and the NMR visible metabolites assigned.  This is important 
for future work on porcine metabolism, as NMR has been identified as one of the most 
comprehensive and informative methods available for metabolite analysis (Fan, 1996; 
Nicholson and Wilson, 1989).  At present, it is necessary to employ a combination of all 
of the spectroscopic and statistical tools to be confident about NMR peak assignment.  
Unfortunately, this is a time-consuming exercise and some of the techniques discussed 
have limitations.  The 13C isotope necessary for heteronuclear spectroscopy (HSQC) is 
naturally present in very low abundance (~1%) in biological samples and as such, a 
specialised experimental protocol that suppresses 1H peaks from 12C-containing molecules 
is necessary (Nicholson et al, 1995; Willker et al, 1996).  In this work, all (HSQC) 
experiments were conducted using an 800 MHz spectrometer fitted with a cryoprobe and 
with a high number of scans per increment (320) to maximise sensitivity.  However, it 
was still impossible to detect the 13C resonances from some resonances with low sample 
abundance.  The lack of visible resonances from small metabolites is a universal problem 
with 2D spectroscopy and the length of time necessary for a successful experiment 
depends on the level of detail required.   
 
Statistical confirmation (STOCSY) is an extremely useful tool but requires a fully 
processed spectral data set consisting of a number of samples of variable composition, 
usually at least 5, in order to return any useful information.  Hyphenated technologies 
such as tandem high performance liquid chromatography-nuclear magnetic 
resonance/mass spectrometry (HPLC-NMR/MS) have been used recently to successfully 
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characterise human bile samples.  These additional technologies were necessary for bile 
due to extensive peak-positional overlap (Duarte et al, 2009).   In the biofluids and tissues 
examined in this work, the analytical reproducibility and reductionist approach to sample 
preparation of NMR was deemed to be sufficient for characterisation of the porcine 
metabolome however; future work will include MS based technologies to broaden the 
coverage of the metabolome. 
 
3.7.2 Urine as a Metabolic Diagnostic Matrix 
Urine was found to be a ‘unique’ metabolic matrix to study in comparison to serum, liver 
and kidney cortex when considering the interactions between the host and the resident 
microbiome, with approximately 40% of the NMR detectable metabolites belonging to 
compounds implicated in microbial metabolism, or microbial-mammalian co-metabolism 
of dietary compounds.  This is a significant observation if one considers that NMR is a 
less sensitive technique than mass spectrometry, with a detection limit of sub-millimolar 
(mM) concentration.  This implies then that the microbiome contributes in a significant 
way to the metabolism of this species as previously observed in man (Wikoff et al, 2009) 
and mouse (Martin et al, 2007a).  
 
Faecal water may be thought to be the most gut-microbial metabolite laden biological 
matrix available.  However, it has been observed to show greater inter-individual 
variation than urine and hence urine may provide a more reproducible metabolic profile 
(Saric et al, 2007).  Additionally, it has been observed that many bacterial metabolites are 
rapidly absorbed by the large intestine (Cummings, 1995) and, as a consequence, their 
measurement in the faeces provides limited information about microbial metabolism.   
This phenomenon has also been previously observed in the pig.  Around 80% of p-cresol 
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produced by bacteria in the intestine is recoverable in the urine (Yokoyama et al, 1982) 
and as such, urine can be assumed to be a more likely route of procuring information 
regarding microbial metabolism than faecal water.  However, short chain fatty acids are 
generally more abundant in faecal water than urine and as a consequence, the two 
biofluids can provide complimentary information regarding gut microbial metabolic 
activity. 
 
3.7.3 Extra-Genomic Metabolism and Species Differences in Phase II Metabolism 
3.7.3.1 Mammalian- microbial co-metabolites 
Distinguishing between endogenous metabolites and those of commensal bacterial origin 
is not a trivial exercise; particularly as many compounds can be of both dietary origin and 
produced by microbial fermentation.   Throughout this thesis those metabolites that have 
been associated as gut microbial specific endpoints of compounds of dietary origin will be 
referred to as mammalian-microbial co-metabolites although there are many metabolic 
pathways that are liable to alteration by the microbiome.  Indeed, as much as 1-20% of 
lysine and threonine can be derived from gut bacterial synthesis (Metges, 2000) and other 
metabolites which are considered to be associated with host endogenous processes have 
also been statistically associated with the microbiome including taurine, citrate and 
glycine.  So even metabolic variation that would be considered to be due to changes in 
endogenous metabolism, may in fact have a microbial element (Li et al, 2008).  Likewise, 
some aromatic compounds such as phenylacetic acid (PAA), generally ascribed to the 
degradation of phenylalanine by the microbiota, have a dietary component as evidenced 
by the fact that germ-free rats still excrete urinary PAA although the level of production is 
significantly increased upon inoculation with faeces and subsequently significantly 
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decreased after a four day sterilisation regime of neomycin combined with 
phthalylsulphathiazole (Goodwin et al, 1994). 
 
3.7.3.2 Inter-species differences in phase II conjugation of gut microbial co-
metabolites 
Considerable inter-species variation exists with respect to the manner in which the basic 
pattern of metabolism of xenobiotics is conducted; for example, the domestic cat has 
defective glucuronic acid conjugation, which may also be true for other cat species.  This 
renders them more sensitive to phenols than other lab animals; in contrast, the pig is 
defective in sulphate conjugation and achieves phase II metabolism mainly by 
glucuronidation and this is confirmed by the observation that pigs glucuronidate p-cresol 
prior to excretion (Williams, 1978). 
Man and old world monkeys are known to glutamine conjugate phenylacetate and all 
other non-primate mammals to glycine conjugate this molecule, consistent with the 
detection of phenylacetylglycine in pig urine (James et al, 1972).  Given that each of these 
conjugates generates a distinct NMR spectral profile, it is necessary to know the major 
route of conjugation in the experimental species under consideration to ensure that the 
hypotheses generated are translatable between species.  
 
3.7.4  Inter-Compartmental Pathway Representation 
One limitation of doing any pathway-based analysis on metabolic phenotypes is that a 
given metabolite may be involved in a number of different metabolic pathways.  Hence 
the potential utility of ORA is that multiple metabolites of a pathway are likely to be 
excreted together and this approach takes this into account. However, due to the 
aforementioned ambiguity of assignation of mammalian-microbial co-metabolic pathways 
and as the entirety of the pathway as such is not known, mammalian-microbial co-
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metabolic pathways are not suitable candidates for inclusion into ORA.  However, it can 
be seen from the Venn diagram in Figure 3.17 that the majority of information encoding 
extra-genomic metabolism can be found in the urine.   
At this stage in the development of metabolic profiling however, ORA was not found to 
provide an applicable methodology to provide information regarding metabolic pathway 
involvement.  This is mainly due to the nature of metabonomic data.  At present, the 
detection of metabolites is selected by the analytical platform used.  Indeed it is estimated 
that there is only 5-10% coverage of the metabolome with current methodologies 
(Hollywood et al, 2006; Wishart, 2008), and this needs to be taken into account when 
defining the expected metabolite set.  Phenomena such as peak overlap could lead to 
constituent parts of a pathway being present but not conclusively detectable which will 
severely affect the results of the ORA.  The fact that in all tissues examined, the most 
prominent pathway represented is protein degradation is by no means surprising and in 
fact, this method does not provide any additional information from the qualitative 
comparison.  The qualitative comparison reflects more accurately the likely proportion of 
representation of biological pathways by the observation that urine is representative of 
more metabolic processes than just protein degradation or biosynthesis.   
 
Although it is possible to infer the significance of an alteration in concentration of a 
certain metabolite by ascertaining if associated pathway metabolites are also significantly 
changing, this is an ambiguous exercise as some of the associated metabolites may not be 
NMR detectable, may be severely overlapped and anti-correlated with their overlapped 
resonances, or they may be present in insufficient quantities to allow accurate 
identification.  These considerations make it difficult at present to definitively comment 
on the relevance of metabolic pathway alteration in metabonomic data.  Throughout this 
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thesis therefore, reference will be made to the hypothesised significance of metabolic 
variation due to intervention, but it is acknowledged that these conclusions are speculative 
and not definitive.  
 
3.7.5 Validation of Biofluid-Based NMR in the Pig  
This work validates the use of metabolic profiling of biofluids (urine and serum) to 
provide information about the relationship between endogenous and xenobiotic 
metabolism in a minimally invasive manner in the pig.  It has demonstrated the presence 
of at least 9 additional metabolites of suspected bacterial origin observable in the urine 
compared to the other compartments examined.  A similarity of serum to tissue profiles in 
terms of representation of biological pathways was observed, indicating a potential lack of 
necessity for tissue collection depending on the biological information required.  This 
reinforces the idea that biofluid-based NMR spectroscopy can potentially be used in the 
future as a diagnostic tool and as a means of monitoring the ‘health’ status of an 
individual.  This work serves as a template for future work in this important test species 
and facilitates the biological interpretations made throughout the remainder of this thesis.   
4  The Effect of Weaning Diet on the Action of Bifidobacterium lactis in 
the Pig: A Systems Biology Perspective  
4.1 Summary  
Weaning diet was found to induce ‘sustainable metabolic reprogramming’ in the young pig, 
resulting in a persistent urinary metabolic signature including many gut microbial metabolites 
after a 4-week dietary washout period.  Bifidobacterium lactis supplementation throughout 
this period affected the different weaning diet groups in a mutually exclusive manner, such 
that the metabolic action of this probiotic can be said to be partially dependent on the initial 
weaning diet.  Mucosal immunoglobulins (IgA and IgM) from gut and immune tissues were 
also found to vary in their secretion profile due to probiotics in a weaning diet-dependent 
manner.  Urinary NMR data were significantly statistically correlated to mucosal 
immunoglobulin data and provided potential biological mechanisms for the responses 
observed.  
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4.2 Aims 
i) To assess the metabolic consequence of weaning diet on piglets following weaning 
onto different starter diets  
ii) To assess the metabolic impact of probiotic supplementation on piglets post-weaning 
and to ascertain if weaning diet impacts the subsequent response to probiotic 
supplementation 
iii) To ascertain if there is any statistical connectivity between the urinary metabolic 
profile and the mucosal immunoglobulin profile of these animals 
 
4.3 Introduction 
Changes in the lifestyle of humans and husbandry of animals has resulted in a much more 
abrupt weaning than has previously occurred in evolution, increasing the number of Ag 
which must be evaluated by the neonate; thus birth and weaning are likely to represent hazard 
and critical control points in the development of appropriate mucosal responses to pathogens 
and tolerance to commensal organisms (Bailey et al, 2005).  Controlled ecological succession 
of the resident microbiome around weaning is crucial for the development of a balanced 
microbial ecosystem (Isolauri et al, 2004) and thus weaning has been identified as an 
opportune period for probiotic intervention as it has the potential to affect establishment of 
the microbial ecosystem.  
 
 The applicability of using pigs as models for probiotic use has been demonstrated with the 
observation that probiotics used in humans and derived from human intestinal microbiota are 
able to bind to the porcine mucus layer and selectively exclude and inhibit pathogen 
attachment and invasion (Collado et al, 2007).  Importantly, Bifidobacteria, a bacterial genus 
with increasingly recognised importance in a number of incidences of metabolic disturbances 
(Isolauri et al, 2004), displays ‘human-like’ ecological succession during weaning in the 
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recently developed Human Flora Associated (HFA) piglet (Pang et al, 2007); this bacterial 
genus has been shown to be one of the most affected in comparisons between formula-fed 
and breast fed neonates (Isolauri et al, 2004) so the pig may represent a good model for 
exploring the consequences of dietary interventions on the neonate.  The large volumes of 
tissue recoverable from pigs make them relevant to the increasing move towards ‘systems 
biology’ and means that a number of different analytical platforms can be used in an analysis 
of multiple samples from the same animal; i.e. enough tissue can be harvested to 
accommodate transcriptomic, proteomic, metabonomic, metagenomic and immunological 
analysis, thereby increasing the information recovery from a single experiment and adhering 
to the ‘replace, reduce, refine’ mandate.   
 
Here, pigs were weaned on to two different starter diets; either egg or soya based, where soya 
represents a ‘normal’ dietary constituent for the pig and egg protein represents a novel 
protein source, and the pigs were then subject to a dietary washout period of four weeks.  A 
probiotic, Bifidobacterium lactis (B.lactis), supplementation step was subsequently added to 
assess the effect of the probiotic on the host immunological and metabolic responses to 
different weaning diets in the presence or absence of probiotic bacteria. 
 
4.4 Materials & Methods 
4.4.1 Animal Husbandry 
The probiotic study and post-mortem was conducted at the School of Clinical Veterinary 
Sciences (Bristol University, Langford).  Animal housing and experimental procedures were 
all performed according to local ethical guidelines: all experiments were performed under a 
UK Home Office License and were approved by the local ethical review group.  Seven 
outbred sows were artificially inseminated using semen from a single boar (supplied by 
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Hermitage-Seaborough Ltd, North Tawton, Devon, UK).  Sows were transported to the 
department of Clinical Veterinary Science six weeks before parturition and fed on a wheat-
based diet (BOCM Pauls Ltd, Wherstead, UK).  At 3 weeks of age (0d) the piglets were 
weaned and litter-matched into four groups (n=7 per group) (Figure 4.1).  At this point, two 
groups received the B. lactis NCC 2818 probiotic intervention in the form of spray-dried 
culture mixed into the weaning feed at a concentration of 4.2 x 106 CFU/g.  The required 
quantity of feed supplemented with fresh probiotics was fed twice a day to the appropriate 
groups until the experiment concluded when the pigs were 11 weeks old.  The remaining 2 
groups did not receive the probiotic supplement. Probiotic fed and control animals were 
housed in different rooms separated by a biosecurity barrier. 
Of the piglets receiving probiotics, one group was weaned onto a soya-based diet and one 
onto an egg-based diet.  All diets were supplemented with appropriate levels of vitamins and 
minerals and were manufactured to order by Parnutt Foods Ltd (Sleaford, Lincolnshire, UK).  
Each of the diets was designed such that the only difference was that each contained 21% of 
the stated protein.   The treatment of the probiotic-supplemented groups was reproduced in 
the control groups.  From 28d post-weaning, all four groups were fed a fish-based diet, free 
of egg and soya, either with or without probiotic. All piglets were all bled by venipuncture at 
0d, 7d, 14d, 28d and 42d post-weaning for collection of serum.  Pigs were euthanased at 11 
weeks by injection with Stresnil (Azaperone) to act as a sedative followed by intra-venous 
injection of Euthatal (Pentobarbitone).  At post-mortem, heart blood and tissues were 
recovered. 
Urine was removed immediately by direct extraction from the bladder via a sterile syringe 
and snap frozen.  Sections from the tip of the left lobule of the liver and from the cortex of 
the left kidney were taken and snap-frozen in liquid nitrogen within 20 minutes post-mortem.  
Tissue samples were stored at -80oC and urine and serum at -40oC. 
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Figure 4.1: Schematic representation of experimental protocol and timescale:   
Figure depicting the different diet groups.  Egg and soya diet groups were subdivided in to a group that received probiotic 
and a control group.   The bar along the bottom represents the diet over the course of the experiment; 0d is the point at which 
the animals are weaned on to either an egg or soya based diet (at 3 weeks of age) and all the animals are switched to a fish 
diet 28d post-weaning. The animals were sacrificed at 56 days.  All the time points listed correspond to serum samples being 
taken.   
 
4.4.2 NMR Spectroscopic Analysis 
The biofluids (urine and serum) and selected tissues (liver and kidney) were analysed by 
NMR spectroscopy. All samples were randomised during preparation and spectral acquisition 
and spectra were acquired on an Avance 600 MHz NMR spectrometer (Bruker Biospin) 
operating at 600.13 MHz; 2D experiments for structural assignment were performed on an 
Avance II 800 MHz NMR Spectrometer (Bruker Biospin) fitted with a cryoprobe as 
previously described in section 3.4.2.  1D 1H NMR spectra of serum were acquired on a 
Flow-injection probe (FI TXI, Bruker) and urine spectra were collected using an auto-
sampler with a Bruker 5mm TXI triple resonance probe at 300K.  Standard one-dimensional 
1H NMR pulse programs were acquired for all biological matrices and Carr-Purcell-
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Meiboom-Gill (CPMG) spin-echo sequences were performed on the serum and tissue 
samples to highlight the contribution of low molecular weight moieties. 
 
4.4.3 Data Acquisition and Pre-Processing 
An exponential window function with a line broadening of 0.3 Hz was applied prior to 
Fourier transformation to all 1D NMR spectra.  The resultant spectra were phased, baseline 
corrected and calibrated to TSP δ0.0 (urine) using NMRproc (in house software developed by 
Drs. T. Ebbels and H. Keun), or the α anomeric proton group of glucose at δ5.23 (blood 
serum & tissues) (Pearce et al, 2008), these were then manually checked using Topspin (2.0a, 
Bruker BioSpin 2006) as a visualiser.  The spectra were subsequently imported into Matlab 
(R2009b, The MathsWorks inc.) where the region containing the water resonance (δ4.6-5.2) 
and for urine, urea (δ4.6-5.9) were removed.   The spectra were aligned using an in-house 
algorithm (Veselkov et al, 2009) to abrogate the effects of peak shifting due to variations in 
pH.  The data were then normalised to the probabilistic quotient (Dieterle et al, 2006) to 
minimise the effects of inter-sample variation due to phenomena such as dilution.  To remove 
artefactual ethanol peaks from the post-mortem process in the serum and tissue, STOCSY 
Editing (STOCSYE) was performed in Matlab using an in-house script (Sands et al, 2009).   
PCA, O-PLS, O-PLS-DA and STOCSY were performed in Matlab using an in-house routine 
as described in section 2.3 (Cloarec et al, 2005a).  For O-PLS and O-PLS-DA models, the 
scores (T) were plotted against the cross-validated scores (Tcv) to estimate the goodness of 
fit of the model as well as the level of over fitting.   All spectral variables were scaled to the 
unit variance (uv) such that each variable had an equal weight in the model, and models were 
subject to a 7-fold cross-validation.  Spectra identified as outliers due to poor spectral quality 
or dilution effects were excluded from subsequent analysis. 
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For each O-PLS or O-PLS-DA model it was determined whether the Q2Y (predictive ability) 
of the model was significantly different to the Q2Y calculated from 100 random permutations 
of Y using the cumulative probability value determined at the 95th quartile (in-house routine 
written by Dr. S. Richards).   
The proportion of variation related to weaning diet and probiotic intervention were calculated 
using an O2PLS variance component model using a 22 factorial design as the Y matrix and 
NMR or immunological parameters as the X matrix as described by Blaise et al (Blaise et al, 
2007).  The hierarchical clustering and correlation were conducted in Matlab using an in-
house script (written by Dr. J.T.M. Pearce) and fitted with a 50% false-discovery rate (FDR) 
to correct for multiple testing; the FDR controls the expected proportion of incorrectly 
rejected hypotheses (type 1 errors) (Benjamini et al, 1995).  Metabolites of interest were 
integrated using an in-house routine (written by Dr. R. Cavill); t-tests were conducted in 
Matlab using the Statistics Toolbox. 
 
4.4.4 Organ Fragment Culture for Quantitative Immunoglobulin Measurement 
Work was conducted by the Department of Infection and Immunity, University of Bristol.  At 
sacrifice, 4cm2 samples of intestinal mucosa (caecum, colon, and jejunal Peyers' patch, 
proximal and distal small intestine) and 1cm3 of spleen and mesenteric lymph node (MLN) 
were collected and placed in cold sterile medium. Organ fragment culture (OFC) was carried 
out as described in detail by Logan et al in 1991 (Logan et al, 1991).  Briefly, the samples 
were vigorously washed three times in Ca2+ and Mg2+-free Dulbecco’s PBS (Sigma) 
containing 0.5mM EDTA (Sigma), 1M HEPES (Invitrogen, Paisley, UK) and 50mg/ml 
gentamycin (Gibco), followed by 3 further washes in Ca2+ and Mg2+-free Dulbecco’s PBS 
containing 1M HEPES and 50mg/ml gentamycin before being placed in RPMI 1640 (Sigma) 
containing 10% FCS (PAA, UK), 200mM L-Glutamine (Invitrogen), 20U/ml 
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streptomycin/penicillin (Invitrogen) and 50mg/ml gentamycin (complete medium). Intestinal 
tissues were cut into fragments approximately 3mm2 while spleen and MLN were cut into 
2mm cubes and one fragment of tissue was placed in each of 6 individual wells of a 24 well 
culture plate (Corning Incorporated, UK) containing 1ml of complete medium.  Cultures 
were incubated at 37oC, 5% CO2, 100% humidity for 96h, after which they were frozen at -
20oC.  The plates were defrosted and the spent medium from each of the 6 duplicate wells for 
each sample was pooled and refrozen for analysis of immunoglobulin content. 
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4.5 Results  
4.5.1 Data Analytical Strategy 
 
Figure 4.2: Schematic representation of data analytical strategy. 
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4.5.2 Weight Measurements Indicated that Weaning Diet may Impact the Weight of 
Animals Supplemented with Bifidobacterium lactis.   
The body weight of the animals was recorded at each time-point they were bled, but not at 
post-mortem, indicating relatively consistent weights within the 4 groups.  The results 
showed that at 28d post-weaning (p.w) the soya fed control animals were significantly 
heavier (~2-3 Kg) than the egg fed control animals; following dietary standardisation, at 42d 
p.w, the originally soya fed probiotic supplemented animals were significantly heavier (~3 
Kg) than the originally soya fed controls (Figure 4.3). 
 
Figure 4.3: Bar chart depiction of the mean weight of the animals from weaning to 42d post-weaning.   
Key: Black bars represent originally egg fed animals and purple bars originally soya fed animals.  Closed bars represent the 
control animals and open bars the probiotic-supplemented animals. Asterisk (*) denotes significance at the 95% confidence 
interval using a student’s two-tailed t-test for samples assuming unequal variance. 
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4.5.3 Other Effects  
No statistically significant differences were observed between the kidney 1H HR-MAS-NMR 
profiles of any of the groups under consideration.  No statistically significant differences 
were observed due to litter or sex in any biological matrix studied.  
4.5.4 Temporal Effects of Nutritional Intervention on the 1H NMR Serum Metabolite 
Profiles of the Weaning Pig 
4.5.4.1 Unsupervised analysis of temporal effects of weaning on the 1H NMR 
serum metabolic profile 
Serum was collected throughout the duration of the experiment, at weaning (0d) and 
subsequently at time points 7d, 14d, 28d, 42d and 56d of the experiment.  The data from the 
standard 1D pulse programs were visualised by PCA with the spectral variables uv scaled, 
over all days and at each time point to incorporate the contribution of lipoproteins to the 
temporal effect of dietary intervention.   
The serum trajectory moved in a hemi-spherical direction for all animals over the course of 
the experiment (illustrated by the red arrow in Figure 4.4A); no separation due to groups or 
time points were observed on PC1, maturation was captured in PC2 (9% of total variance), 
characterised by increased creatine levels and decreased low density lipoprotein (LDL), 
lipids and glycerophosphocholine (Figure  4.4B).  The temporal response to the dietary 
intervention or to weaning was described by PC3 (6% of total variance) and was driven 
primarily by a transient increase in serum lactate levels (Figure 4.4C).  The greatest inter-
individual variation was observed at day 28d p.w, highlighted by the black ellipse, after the 
animals had been separated into their diet groups for 4 weeks.  After the dietary 
standardisation step at 28d p.w, the inter-individual variability was similar to that observed at 
the start of the experiment.  
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Figure 4.4: Figure showing the PCA scores and loadings displaying the temporal trajectory of all animals at each 
time-point.   
A: Scores of PCA model: =animals at 0d; =animals at 7d; =animals at 14d; =animals at 28d; =animals at 42d; 
=animals at 56d.  B:  Back-scaled covariance plot of the loadings colour-coded by the correlation coefficient (r2) showing 
the source of serum discrimination along PC2.  C: The same plot for PC3.  The black ellipse serves to illustrate the increased 
variation at 28d and the red arrow follows the approximate trajectory over the course of the experiment.  Ellipse and arrow 
are arbitrarily drawn for illustration of interpretation of data structure. 
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4.5.4.2 Effect of diet and probiotic supplementation on the 1H NMR serum 
metabolic profile at each time-point 
Each time-point was subsequently individually visualised by PCA to ascertain the impact of 
weaning and probiotic differences on the global serum metabolic response.  Figure 4.5 shows 
a PCA scores plot at each time point from which probiotic differences began to be observed 
at 7d p.w, along with a partial separation of the diet groups in the control animals as 
highlighted by arbitrary red and black ellipses.  Both probiotic and dietary effects can be seen 
by PCA up to 14d p.w and dietary effects persist up to 42d p.w.  At the beginning and end of 
the experiment, no separation due to diet or probiotic supplementation was visible in the 
serum metabolic profile.   
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Figure 4.5: PCA scores plots of 600 MHz 1H NMR serum profiles at each time-point.  
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis.  Black 
ellipses highlight the partial separation due to probiotics and red ellipses highlight partial separation due to dietary 
differences. 
 
The loadings plots in Figure 4.6 describe the metabolic discrimination along PC3 (9% of 
total variance) due to probiotic supplementation at 7d p.w, characterised by increased levels 
of valine, isoleucine, creatine, alanine, arginine, glycine, and decreased LDL levels.  The 
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partial dietary discrimination along PC2 (13% of total variance) in the control animals was 
due to increased isoleucine, lysine and N-acetylglycoproteins and decreased 
phosphorylcholine, glycine, LDL, alanine and lactate in the soya-fed group relative to the 
egg-fed group. 
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Figure 4.6: PCA loadings from 7d post-weaning.  
Back-scaled covariance plot of the loadings colour-coded by the correlation coefficient (r2) showing the source of serum 
discrimination along PC2 and PC3 at 7d post-weaning. 
 
At 14d p.w (Figure 4.7), the metabolic variation due to diet was mainly explained by PC1 
(19% of total variance) with the egg-fed animals in general having relatively higher serum 
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levels of N-acetylglycoproteins, glycerophosphocholine, betaine, LDL and isoleucine & 
valine, and lower levels of glycine.  Variation due to probiotic supplementation was mostly 
captured by PC2 (11% of total variance) and the probiotic fed animals generally had higher 
serum lipid and LDL content.  
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Figure 4.7: PCA loadings from 14d post-weaning.   
Back-scaled covariance plot of the loadings colour-coded by the correlation coefficient (r2) showing the source of serum 
discrimination along PC1 and PC2 at 7d post-weaning (lipid resonances confirmed by STOCSY evaluation). 
 
Only the effects of dietary intervention and not probiotic supplementation were seen by 
unsupervised analysis at days 28 and 42 p.w (Figure 4.8), both of these were captured by 
PC2 (11% of total variance) which, at 28d, shows the soya fed animals as having a trend 
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towards higher levels of lactate and lysine and lower levels of betaine and methionine.  At 
42d p.w, the soya diet animals were partially separated from the egg diet animals due to 
decreased phosphorylcholine and glycerophosphocholine levels. 
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Figure 4.8: PC2 loadings from 28d and 42d post-weaning.   
Back-scaled covariance plot of the loadings colour-coded by the correlation coefficient (r2) showing the source of serum 
discrimination along PC2 at 28d and 42d post-weaning.  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4.5.4.3 Trajectory of the main discriminatory metabolites 
The major discriminating metabolites over time: LDL, creatine, glycerophosphocholine and 
lactate were then relatively quantified to the rest of the serum profile by integrating the 
relevant region of the NMR spectra and the trend between diet groups was visualised (results 
not significant at the 95% confidence interval).  The mean of the integrals for each group was 
plotted over time, standard deviations are not plotted to facilitate visualisation but they are 
universally higher at 28d p.w. 
Lactate, as indicated by the PCA plot Figure 4.4, was shown to increase concentration during 
weaning up to 28d p.w and then decreased to basal levels at the end of the experiment 
(Figure 4.9).  The four diet groups displayed little variability at the beginning and end of the 
experiment but at 14d p.w. the control and probiotic groups separated, the animals on the 
soya diet had higher serum lactate levels than the egg-fed animals and the probiotic 
supplemented animals showed no inter-diet variation in lactate levels.  Additionally, at 28 
days p.w, when lactate levels peaked, the control animals tended to have a higher serum 
concentration than the probiotic-supplemented animals, which maintained a relatively 
constant level between days 14 and 42 p.w. 
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Figure 4.9: Changes in the relative intensity of serum lactate over the course of the experiment.    
Key:  = Egg starter diet,  = Egg starter diet + B. lactis,  = Soya starter diet,  = Soya starter diet + B. lactis.  Black 
ellipses highlight the probiotic animals at days 14, 28 and 42. 
 
The LDL trajectory (δ0.86) (Figure 4.10) followed a similar trend to lactate in that the 
control animals tended to show inter-diet variability at 7 and 14d p.w and the probiotic-
supplemented animals were generally refractory to this effect; at 28d p.w the LDL level in 
the probiotic supplemented animals was lower compared to the control animals. 
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Figure 4.10: Changes in relative intensity of the serum LDL moiety at δ0.86 over the course of the experiment.     
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis.  Black 
ellipses highlight the probiotic animals at days 14 and 28. 
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Glycerophosphocholine (GPC) was again most variable between groups at day 28 p.w; the 
egg fed animals had relatively higher GPC levels than their soya fed counterparts although 
this trend was strongest in the control animals. 
 
Figure 4.11:  Changes in relative intensity of glycerophosphocholine over the course of the experiment.     
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis.  Black 
ellipse highlights the egg fed animals at day 28.  
All of the metabolites shown have in common that the greatest variability over the course of 
the experiment was observed at 28d, immediately prior to dietary standardisation. 
Creatine displayed a different trend; the greatest variability was seen at the end of the 
experiment and the initial weaning diet seemed to have the greatest effect on serum creatine 
levels.  This could indicate that initial weaning diet may affect longer-term muscle turnover. 
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Figure 4.12: Changes in relative intensity of creatine over the course of the experiment.     
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis.  Black 
ellipse highlights the probiotic animals at days 42 and the red ellipse highlights the egg fed animals at 56d.  
Together these results indicate that the probiotic and weaning diet have the greatest effect on 
the serum metabolic profile at days 7, 14 and 28d p.w and that, although following a 
maturation trajectory, at the end of the experiment, the inter-group variability is similar to 
that observed at the start of the experiment.  
4.5.5 Liver 
The effect of the interventions on hepatic metabolism using intact tissue HR-MAS NMR was 
visualised using PCA (Figure 4.13).  This analysis revealed a partial separation between the 
probiotic and control animals along the 1st PC explaining 43% of the variance of the model.  
The probiotic fed animals showed greater inter-individual variation than their control fed 
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counterparts in the PC1 Vs PC2 scores plot and appear to be divided into two subgroups 
indicating the possibility of responder/non-responder phenotypes.   
 
Figure 4.13: PCA scores plot showing the dietary induced variation in 1H HR-MAS NMR hepatic metabolic profile.   
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis.  
As there was no distinct separation visible by unsupervised PCA, supervised methods were 
used to assess the dietary induced variation in the porcine liver metabotype. 
 
4.5.5.1 Supervised pattern recognition of hepatic metabolic profiles 
Pair-wise O-PLS-DA models were constructed from the CPMG spectra in order to highlight 
the discriminating variables between the initially egg fed and initially soya fed control 
animals (Figure 4.14).  The scores are plotted against the cross validated scores (Figure 
4.14A) as a way to estimate the fit and hence the robustness of the model.   
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Figure 4.14: O-PLS-DA plot derived from 600 MHz 1H HR-MAS-NMR spectra of liver showing the differences in 
hepatic metabolism due to initial weaning diet in the control-fed animals.   
A: Scores (T) are plotted against cross-validated scores (Tcv).  B: A back-scaled covariance plot of the loadings from an O-
PLS-DA model constructed with two orthogonal and one predictive component (Q2Y: 0.36, R2Y: 0.98, R2X: 0.49).  
Metabolites labeled on the plot have a correlation coefficient of >0.67, determined by the Pearson Product-Moment 
coefficient as being significant at the 95% confidence interval.   Key:  = Egg starter diet, = Soya starter diet. 
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The probiotic supplementation effect on hepatic metabolism was subsequently modeled for 
each starter diet; initially the egg-fed controls were compared with the probiotic-fed egg 
starter diet pigs (Figure 4.15). 
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Figure 4.15: PLS-DA plot derived from 600 MHz 1H HR-MAS-NMR spectra of liver showing the differences in 
hepatic metabolism due to probiotic supplementation in the egg-based starter diet animals. 
A: Scores (T) are plotted against cross-validated scores (Tcv).  B: A back-scaled covariance plot of the loadings from a PLS-
DA model constructed with one predictive component (Q2Y: 0.82, R2Y: 0.83 R2X: 0.43).  Metabolites labeled on the plot 
have a correlation coefficient of >0.67, determined by the Pearson Product-Moment coefficient as being significant at the 
95% confidence interval.   Key:  = Egg starter diet;  = Egg starter diet + B.  lactis.  
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The equivalent model was constructed for the probiotic fed and control animals that were 
weaned onto a soya-based starter diet in Figure 4.16.  The probiotic-induced discrimination 
is due to two animals and so does not indicate a robust differential effect of the probiotic on 
this weaning diet group. 
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Figure 4.16: PLS-DA plot derived from 600 MHz 1H HR-MAS-NMR spectra of liver showing the differences in 
hepatic metabolism due to probiotic supplementation in the soya-based starter diet animals.   
A: Scores (T) are plotted against cross-validated scores (Tcv); model differences are primarily due to two animals, circled in 
red.  B: Back-scaled covariance plot of the loadings from a PLS-DA model constructed with one predictive component 
(Q2Y: 0.19, R2Y: 0.42, R2X: 0.33).   Metabolites labeled on the plot have a correlation coefficient of >0.67, determined by 
the Pearson Product-Moment coefficient as being significant at the 95% confidence interval.      Key: = Soya starter diet, 
 = Soya starter diet + B. lactis.  The red ellipse arbitrarily highlights that the probiotic induced discrimination is due to 2 
animals 
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A total of 12 metabolites were identified as driving the diet induced variation in hepatic 
metabolism (r2>0.67), the correlation coefficients from each of the metabolites identified as 
being significant (95% confidence interval) contributors to the models were extracted and 
displayed in a heat-map (Figure 4.17). 
 
Figure 4.17:  Correlation coefficient heat map summarising hepatic metabolic variation due to dietary intervention.   
Metabolites coloured in red are increased in the soya fed starter animals in the left-most column, and increased in the 
probiotic-fed animals in the middle and right-hand column.  Metabolites in blue are decreased respectively.  
GPC=glycerophosphocholine; DMA=dimethylamine.  Model statistics from the pair-wise comparisons are listed at the top 
of each column. 
 
These results indicate that both initial weaning diet and probiotic supplementation affect the 
hepatic metabolic profile and the most striking result is that the probiotic exerts a larger 
effect on the animals that initially received an egg-based rather than a soya-based diet. 
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4.5.6 Urine  
4.5.6.1 Principal Components Analysis of urinary spectral data 
Initially the urinary spectral data from all animals was assessed by PCA to visualise the 
greatest directions of variation within the data.  The scores plot (Figure 4.18A) shows that the 
greatest source of variation is due to the initial weaning diet, captured by PC1.  This PC 
explains 22% of the variance of the model and the loadings (Figure 4.18B) and shows that 
the majority of variation is due to increased hippurate, indoleacetylglycine (IAG) and 
hydroxyphenylacetylglycine (HPAG) and decreased citrate along PC1.   The variation due to 
the probiotic intervention is less obvious using this unsupervised approach than by 
supervised techniques; it is partially captured by PC2 (11% of the total variance) and it seems 
that there is greater variation between the probiotic fed animals than the control groups so 
supervised methods will be used to highlight the metabolic changes associated with this 
intervention. 
 
 
Figure 4.18: PCA visualisation of urinary spectral profiles from all animals.   
A: 3D scores plot; B; back-scaled covariance plot colour coded by correlation coefficient (r2) describing the loadings of 
PC1; the aromatic region highlighted by the grey box has been vertically expanded 4 times.  Key: (HPAG= 
hydroxyphenylacetylglycine; IAG=indoleacetylglycine); (  = Egg starter diet animals,  = Soya starter diet animals,  = 
Egg starter diet + B. lactis,  = Soya starter diet + B. lactis). 
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4.5.6.2 O-PLS-DA modelling of weaning diet and probiotic supplementation 
effects 
O-PLS-DA was used to visualise the metabolic variation due to initial weaning diet in the 
control groups (Figure 4.19). 
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Figure 4.19: O-PLS-DA plot derived from 600 MHz 1H NMR spectra of urine showing the urinary metabolic 
differences due to initial weaning diet in the control animals.  
A: Scores (T) are plotted against cross-validated scores (Tcv), metabolites labeled in the loadings plot (B) have a correlation 
coefficient of >0.67, determined by the Pearson Product-Moment coefficient as being significant at the 95% confidence 
interval, the spectral variables were scaled to the unit variance and the model was constructed with one orthogonal and one 
predictive component (Q2Y: 0.87, R2Y: 0.99, R2X: 0.42).  Key: MA=methylamine, PAG=phenylacetylglycine, 
IAG=indoleacetylglycine, ADMA=asymmetric dimethylarginine, U1=unassigned resonances at δ1.41 and δ3.50;  = Egg 
starter diet animals,  = Soya starter diet animals; † denotes that the other resonance of β-alanine (δ2.56) is obscured by the 
signal from citrate.  
This supervised approach indicates a strong effect of the initial weaning diet; the animals 
weaned onto a soya based diet had relatively higher levels of hippurate, IAG, HPAG, 
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creatinine, methylamine, asymmetric dimethylarginine (ADMA), N6, N6, N6-
trimethyllysine, β-alanine and acetone and relatively lower levels of phenylacetylglycine 
(PAG), p-cresol glucuronide, betaine, citrate, succinate, methylguanidine, dimethylglycine 
(DMG) and an unidentified compound with resonances at δ1.41 and δ3.50 (identified by 
TOCSY as resonances from the same molecule).  This compound was present in low 
abundance and resonances were heavily overlapped with other signals making assignment 
difficult.  These significant differences were primarily due to metabolites associated with 
mammalian microbial co-metabolism which, given the 4-week dietary washout period, is an 
intriguing observation and possibly implies a dietary induced ‘sustainable metabolic 
reprogramming’ event occurring around weaning in the pig. 
 
The metabolic differences between the initially egg-fed control animals and those receiving 
probiotics were then modelled in Figure 4.20; where significant increases in indole, 
hippurate, taurine and isovalerylglycine levels and decreased levels of U2, an unassigned 
compound exhibiting resonances at δ4.06, δ4.16 and δ4.29, were observed in the probiotic 
fed animals.  
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Figure 4.20: PLS-DA plot derived from 600 MHz 1H NMR spectra of urine to show the differentiation between 
control animals and those receiving probiotics in the egg fed starter diet group.  
A: Scores (T) are plotted against cross-validated scores (Tcv), metabolites labeled in the loadings plot (B) have a correlation 
coefficient of >0.67, determined by the Pearson Product-Moment coefficient as being significant at the 95% confidence 
interval, the spectral variables were scaled to the unit variance and the model was constructed with one predictive 
component  (Q2Y: 0.25, R2Y: 0.66, R2X: 0.18). Key:  = Egg starter diet,  = Egg starter diet + B. lactis,  † denotes that the 
other resonances associated with the assigned Isovalerylglycine are not discernable in the model due to weak anti-correlation 
with overlapping moieties, the red ellipse highlights that the probiotic discrimination is driven by 4 animals and not the 
entire group.  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The equivalent pair-wise model was constructed for the soya-based starter diet group (Figure 
4.21); this generated a stronger statistical model than the corresponding model for the egg-
based starter diet animals as shown by the higher predictive capacity of the model (Q2).  In 
these animals, the probiotic induced increased urinary excretion of PAG, IAG, p-cresol 
glucuronide, trimethylamine and alanine and decreased creatinine and U2 excretion. 
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Figure 4.21: PLS-DA plot derived from 600 MHz 1H NMR spectra of urine to show the differentiation between 
control animals and those receiving probiotics in the soya fed starter diet group.  
A: Scores (T) are plotted against cross-validated scores (Tcv), Metabolites labeled in the loadings plot (B) have a correlation 
coefficient of >0.67, determined by the Pearson Product-Moment coefficient as being significant at the 95% confidence 
interval, the spectral variables were scaled to the unit and the model was constructed with one predictive component (Q2Y: 
0.49, R2Y: 0.87 R2X: 0.19).  Key: (PAG=phenylacetylglycine, IAG=indoleacetylglycine, U2=unassigned resonance at 
δ4.06, δ4.16, δ4.29), ( = Soya starter diet,  = Soya starter diet + B. lactis).  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4.5.6.3 Summary of urinary metabolic variation in relation to dietary 
intervention  
To facilitate the interpretation of the results obtained from the urinary metabolic profiles, the 
correlation coefficients of those metabolites discriminating each model were collated and 
displayed in a heat map in Figure 4.22.  From this it can easily be visualised that the initial 
weaning diet affected the urinary metabotype more vigorously than the probiotic 
intervention.  
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Figure 4.22: Correlation coefficient heat map summarising urinary metabolic variation due to dietary intervention.   
Metabolites coloured positively (red) are increased in the soya fed starter animals in the left-most column, and increased in 
the probiotic fed animals in the middle and right-hand column.  Metabolites in blue are decreased respectively.  Metabolites 
above the red dashed line are putative gut microbial co-metabolites; those under are ascribed to host endogenous processes. 
Key: (ADMA=asymmetric dimethylarginine (tentative assignment); IAG=indoleacetylglycine; PAG=phenylacetylglycine; 
HPAG=hydroxyphenylacetylglycine; U1=unassigned resonance at δ1.41 & δ3.50; U2=unassigned resonance at δ4.06, 
δ4.16, δ4.29). 
 
 Importantly, the metabolite dynamics induced by probiotic supplementation are distinct to 
each starter diet group.  This is especially relevant when considering mammalian-microbial 
co-metabolites; probiotics increase the level of hippurate in the egg starter diet animals, yet 
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have no effect on hippurate levels in the soya starter animals and instead the probiotic 
increases the urinary excretion of IAG, PAG and p-cresol glucuronide in these animals.  This 
indicates an initial weaning diet-dependent probiotic related modulation of microbial 
metabolism. 
 
Those metabolites displaying differential excretion due to dietary intervention are listed in Table 4.1 along with their chemical shifts and pair-wise model statistics.   
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Table 4.1: Table showing the urinary metabolites subject to altered excretion patterns in response to dietary 
intervention, their chemical shifts and the model statistics for each metabolite.  
Key: P Vs C = probiotic versus control; HPAG= hydroxyphenylacetylglycine; PAG= phenylacetylglycine, 
ADMA=asymmetric dimethylarginine, IAG=Indoleacetylglycine; s=singlet; d=doublet; t=triplet; dd=doublet of doublets; 
m=multiplet; U=unknown; †=tentative assignment; (-) = negatively correlated. 
Model Correlation Coefficients (r2) 
Metabolite Chemical Shift (δ) 
Soya Vs 
Egg 
Q2Y: 0.87 
R2Y 0.99 
R2X: 0.42 
P Vs C 
Egg 
Q2Y: 0.25 
R2Y 0.66 
R2X: 0.18 
P Vs C 
Soya 
Q2Y: 0.49 
R2Y 0.87 
R2X: 0.19 
Acetone 2.22(s) 0.9   
ADMA† 2.78(s), 3.25(t), 3.75(t) 0.88   
Alanine 1.46(d), 3.74(q)   0.75 
Betaine 3.27(s), 3.93(s) 0.68 (-)   
Citrate 2.55(d), 2.7(d) 0.77 (-)   
Creatinine 3.05(s), 4.06(s) 0.73  0.72 (-) 
Dimethylglycine 2.93(s) 0.69 (-)   
Hippurate 3.98(d), 7.55(t), 7.64(t), 7.84(d) 0.87 0.68  
HPAG 3.58(s), 3.83(d), 6.88(d), 7.21(d) 0.76   
IAG 
3.73(s), 3.82(s), 7.19(t), 7.28(t), 
7.35(s), 7.55(d), 7.64(d)  0.82  0.77 
Indole†  8.06(broad s) 0.81 0.81  
Isovalerylglycine 0.94(d), 2.00(d), 2.20(d), 3.77(s)  0.67  
Methylamine 2.61(s) 0.94   
Methylguanidine 2.81(s) 0.85 (-)   
N6, N6, N6-Trimethyl-
l-lysine 
3.11(s) 
0.77   
p-cresol glucuronide 2.30(s), 7.06(d), 7.23(d) 0.68 (-)  0.67 
PAG 3.68(s), 3.75(d), 7.37(m), 7.43(m) 0.79 (-)  0.67 
Sarcosine 2.74(s) 0.69 (-)   
Succinate 2.41(s) 0.68 (-)   
Taurine 3.26(t), 3.43(t)  0.67  
Trimethylamine 2.88(s)   0.67 
U1 - δ1.41, δ3.50 1.41(d), 3.50 (dd) 0.88 (-)   
U2 – δ4.06, δ4.16, 
δ4.29 
4.29(m), 4.16(m), 4.06  
 0.68 (-) 0.70 (-) 
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4.5.6.4 Variance components of urine metabolite profiles  
The proportion of variation in the urinary NMR data related to weaning diet and the 
proportion related to B. lactis supplementation was also visualised by Variance Components 
(Figure 4.23) (Blaise et al, 2007).  This showed that the majority of variation of the spectra 
was related to the initial weaning diet rather than probiotic supplementation.  This reinforces 
the case for ‘sustainable metabolic reprogramming’ occurring around weaning in these 
animals.   
 
 
Figure 4.23: Variance components plot of urinary 1H NMR data.   
Variable in red are related to the probiotic supplementation and those in blue are related to the initial weaning diet. 
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4.5.7 Immunological Data Analysis 
4.5.7.1 Principal Components Analysis of immunoglobulin secretion profiles 
Initially, all immunoglobulin levels (IgG1, IgG2, IgA, and IgM) from all tissues (spleen, 
mesenteric lymph node (MLN), jejunal Peyer’s patch (JPP), proximal and distal small 
intestine, caecum and colon) were analysed by PCA (Figure 4.24).  The results show that the 
1st PC is heavily driven by the systemic Igs (IgG1 and IgG2), which show very little co-
variation in the model as evidenced by their clustering in the loadings plot.  
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Figure 4.24: PCA model of the quantitative immunoglobulin secretion profile from all compartments.   
The majority of variation in PC1 (42%) is due mainly to the systemic Igs (IgG1 and IgG2), highlighted by the arbitrary cyan 
ellipse.  Key A: (  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis).  
Key B: IgA is coloured red, IgM is black, IgG1 is green and IgG2 is blue.  Tissue is coded by shapes; =Spleen, 
=Mesenteric Lymph Node, =Proximal small intestine, =Distal small intestine, = jejunal Peyer’s patch, = caecum, 
= colon.  
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This high degree of co-variance of the systemic Igs was also visualised using a hierarchical 
clustering correlation approach (Figure  4.25).  The IgG1 and IgG2 Igs from all 
compartments were generally highly correlated to each other and not correlated to many of 
the mucosal Igs, apart from colonic IgM, a phenomenon also evident from the PCA loadings 
plot (Figure 4.24).  
 
 
Figure 4.25: Hierarchical clustering correlations plot of immunoglobulin secretion profile illustrating the high degree 
of correlation of the systemic Igs (encapsulated by blue square), when data from all animals was used.   
 
Additionally, student’s t-tests were used to assess if any statistical inter-group separation can 
be observed for the systemic immunoglobulins.  To this end a number of pair-wise 
comparisons were made, comparing both weaning diet differences in the control and 
probiotic groups, probiotic and control differences in each of the diet groups and also both 
egg starter diet groups against both soya starter diet groups and both probiotic groups against 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 160 
both control groups.  Table 4.2 shows the results and that none of the inter-group differences 
are significant at the 95% confidence interval (p<0.05). 
 
Table 4.2: Table to highlight the inter-group differences between the systemic Igs in different tissues, table shows p-
values using a two-tailed students t-test for samples assuming unequal variance.   
Key: MLN= Mesenteric lymph node, Pr-Si= Proximal small intestine, Di-SI= Distal small intestine. JPP=Jejunal Peyers' 
patch, Cae=Caecum, Col=Colon, V=compared with. 
P-value 
Ig Egg + B.lactis 
V Egg 
Control 
Soya + 
B.lactis 
V Soya 
Control 
Probiotic 
V Control 
Egg + 
B.lactis 
V Soya + 
B.lactis 
Egg 
Control 
V Soya 
Control 
Egg V 
Soya 
Spleen - IgG1 0.940 0.320 0.689 0.740 0.514 0.965 
Spleen - IgG2 0.189 0.274 0.060 0.332 0.319 0.120 
MLN - IgG1 0.104 0.910 0.301 0.405 0.732 0.283 
MLN - IgG2 0.377 0.811 0.700 0.511 0.872 0.583 
Pr-SI - IgG1 0.224 0.612 0.669 0.171 0.832 0.148 
Pr-SI - IgG2 0.234 0.873 0.229 0.434 0.646 0.872 
Di - SI - IgG1 0.173 0.851 0.227 0.280 0.892 0.317 
Di - SI - IgG2 0.117 0.949 0.229 0.305 0.707 0.517 
JPP - IgG1 0.441 0.792 0.641 0.273 0.805 0.244 
JPP - IgG2 0.206 0.881 0.347 0.368 0.724 0.560 
Cae - IgG1 0.497 0.334 0.217 0.932 0.720 0.708 
Cae - IgG2 0.660 0.519 0.400 0.792 0.714 0.583 
Col - IgG1 0.531 0.239 0.165 0.551 0.557 0.678 
Col - IgG2 0.377 0.330 0.168 0.651 0.442 0.325 
 
4.5.7.2 Mucosal immunoglobulin variation 
The systemic Igs (IgG1 and IgG2) were removed from further analysis as they have been 
found to show high covariance with each other and show very little response to the 
nutritional intervention (Table 4.2) in contrast with the mucosal (IgA and IgM) Igs.   
 
The mucosal Ig variation in response to the interventions can be seen via the PCA scores plot 
in Figure 4.26A; the major source of variation in this model was due to the probiotic 
intervention and can be visualised across PC1 (27% of total variance), which was 
characterised by colonic IgA and MLN, JPP IgA and caecal IgM levels (Figure 4.26B).  This 
model indicates that only the effect of the initial weaning diet was visible by unsupervised 
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analysis in the control animals.  Weaning diet differences were partially captured by PC2 
(21% of total variance) and this was driven by proximal small intestinal and splenic IgM and 
IgA, distal small intestinal IgA and IgM and IgM production by the jejunal Peyers’ patch. 
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Figure 4.26: PCA model of mucosal immunoglobulins from all compartments.   
Key A:  PCA scores (  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. 
lactis).  Key B: PCA loadings (MLN= Mesenteric lymph node, Pr-Si= Proximal small intestine, Di-SI= Distal small 
intestine. JPP=Jejunal Peyers’ patch, Cae=Caecum, Col=Colon).  The red ellipse arbitrarily highlights the partial grouping 
of all probiotic groups and the black ellipses denote the partial separation of the different diet groups in the control animals. 
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4.5.7.3 Supervised analysis of weaning diet and probiotic effects on the mucosal 
immunoglobulin profile 
Initially, the difference between the different starter weaning diets in the control animals 
(Figure 4.27) was assessed using supervised methods to extract the discriminatory 
immunoglobulins, indicating that the egg starter diet animals were characterised by high 
levels of IgM secretion from the JPP and distal small intestine.  
The model was subsequently rerun with only these highly discriminating variables (Q2Y: 
0.85, R2Y: 0.98, R2X: 0.76) confirming that the inter-group variation was predominantly due 
to these variables. 
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Figure 4.27: O-PLS-DA plot of the immunoglobulin secretion profile showing the initial weaning dietary 
differentiation between animals not receiving probiotics.  
A: Scores (T) are plotted against cross-validated scores (Tcv), metabolites labeled in the loadings plot (B) with an asterisk 
(*) have a correlation coefficient of >0.67, determined by the Pearson Product-Moment coefficient as being significant at the 
95% confidence interval.  The immunoglobulin secretion profile was scaled to the unit variance and the model was 
constructed with one orthogonal and one predictive component (Q2Y: 0.59, R2Y: 0.88, R2X: 0.23).  The loadings plot (B) 
shows the direction of immunoglobulin variation for each tissue studied, those that are pointing up represent an increase in 
the soya starter diet animals.  Key: (MLN= Mesenteric lymph node, Pr-Si= Proximal small intestine, Di-SI= Distal small 
intestine. JPP=Jejunal Peyers’ patch, Cae=Caecum, Col=Colon), (  = Egg starter diet animals,  = Soya starter diet 
animals). 
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The animals on the egg starter diet were then compared between the probiotic fed and control 
animals (Figure 4.28). 
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Figure 4.28: O-PLS-DA Plot of immunoglobulin secretion profile showing show the differentiation between control 
animals and those receiving probiotics in the egg fed starter diet group.  
A: Scores (T) are plotted against cross-validated scores (Tcv), metabolites labeled in the loadings plot (B) with an asterisk 
(*) have a correlation coefficient of >0.67, determined by the Pearson Product-Moment coefficient as being significant at the 
95% confidence interval.  The immunoglobulin secretion profile was scaled to the unit variance and the model was 
constructed with one orthogonal and one predictive component (Q2Y: 0.82, R2Y: 0.91, R2X: 0.39). The loadings plot (B) 
shows the direction of immunoglobulin flux for each tissue studied, those that are pointing up represent an increase in the 
probiotic group.  Key: (MLN= Mesenteric lymph node, Pr-Si= Proximal small intestine, Di-SI= Distal small intestine. 
JPP=Jejunal Peyers’ patch, Cae=Caecum, Col=Colon), (  = Egg starter diet,  = Egg starter diet + B. lactis). 
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From this model, it can be seen that the probiotic had a significant effect on the mucosal 
immunoglobulin profile of the animals in the egg-based starter diet group, and had the effect 
of reducing MLN and caecal IgM and MLN and JPP IgA with a concomitant increase in 
colonic IgA. The model was subsequently rerun with only these highly discriminating 
variables (Q2Y: 0.86, R2Y: 0.95, R2X: 0.85) confirming that the inter-group variation was 
predominantly due to these variables and confirming the results of the PCA analysis. 
 
The equivalent pair-wise analysis was conducted on the probiotic and control animals on the 
soya based starter diet (Figure 4.29).  The model generated with these groups was less robust 
than for the egg starter groups, no variables had a correlation coefficient of greater than 0.67.  
As there was a small sample size and the intervention was relatively subtle, it was decided in 
this instance that a 90% confidence interval could be accepted to visualise the trend 
associated with probiotic supplementation.  Those variables with a correlation coefficient of 
greater than 0.6 were therefore assumed to be the most discriminatory Igs.  In these animals, 
the probiotic had the effect of decreasing caecal IgA and increasing JPP & distal small 
intestinal IgM and colonic IgA. The model was subsequently rerun with only these 
discriminating variables (Q2Y: 0.64, R2Y: 73, R2X: 0.54) indicating that the inter-group 
variation was predominantly due to these variables. 
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Figure 4.29: PLS-DA plot derived from the immunoglobulin secretion profile to show the differentiation between 
control animals and those receiving probiotics in the soya fed starter diet group.  
A: Scores (T) are plotted against cross-validated scores (Tcv), bars marked with an asterisk (*) have a correlation coefficient 
of >0.60.    The immunoglobulin secretion profile was scaled to the unit variance and the model was constructed with one 
predictive component (Q2Y: 0.62, R2Y: 0.94, R2X: 0.37). The loadings plot (B) shows the direction of immunoglobulin 
variation for each tissue studied, those that are pointing up represent an increase in the probiotic group.  Key: (MLN= 
Mesenteric lymph node, Pr-Si= Proximal small intestine, Di-SI= Distal small intestine. JPP=Jejunal Peyers’ patch, 
Cae=Caecum, Col=Colon), ( = Soya starter diet,  = Soya starter diet + B. lactis).  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4.5.7.4 Summary of mucosal immunoglobulin variation in relation to dietary 
intervention  
To facilitate interpretation of these results, a summary of the three models was constructed.  
The correlation coefficients of these models were extracted, and displayed in a heat map in Figure 4.30.   From this it can easily be visualised that the probiotic has a more diverse effect 
on the mucosal immunoglobulin profile than the initial weaning diet, which only affects 
distal small intestinal and Peyers’ patch IgM production.  
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Figure 4.30: Correlation coefficient heat map summarising the supervised models to visualise the effect of dietary 
intervention on porcine mucosal immunoglobulin secretion profiles.   
Increasing shade of red represent increasing levels in the soya fed animals in the left-hand column and probiotic fed animals 
in the middle and right-hand columns.  Key: (MLN= Mesenteric lymph node, Pr-Si= Proximal small intestine, Di-SI= Distal 
small intestine. JPP=Jejunal Peyers’ patch, Cae=Caecum, Col=Colon).  
All results were also analysed with univariate statistics (results in appendix II), which 
confirmed the observed trends. 
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Importantly, in the same manner as the urinary spectral data, the mucosal Ig profile displayed 
a distinct response to probiotic supplementation, which was almost entirely dependent on the 
initial weaning diet.  This is of interest when the ‘normalising’ effect of probiotics on the 
mucosal Ig profile is taken into account (Figure 4.26).  These results imply that the weaning 
diet induces a distinct mucosal Ig secretion profile, which is differentially altered by 
probiotic supplementation to stabilise the immunologic effect of the initial weaning diet. 
 
4.5.7.5 Variance components of the immunoglobulin secretion profiles 
The greater impact of the probiotic rather than the initial weaning diet on the mucosal 
immunological profile can also be summarised using variance components (Figure 4.31), 
although some of the variance related to weaning diet is additionally due to proximal small 
intestinal and colonic IgA and splenic and caecal IgM. 
 
Figure 4.31: Variance components plot of mucosal immunoglobulin secretion profile.   
The proportion of variance (%) related to the probiotic is shown in red and that attributable to the weaning diet in blue. 
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4.5.8 Integration of Urinary Metabolite Data and Immunoglobulin Secretion 
The probiotic intervention had a significant effect on the mucosal immunological profile of 
the animals in each starter diet group; it is of interest therefore, to characterise the probiotic 
effect on the immuno-metabolic interface and here several chemometric methods have been 
applied to assess this modulation.   
 
4.5.8.1 Regression analysis 
Initially a consecutive data fusion approach was examined; the directions of greatest 
variation in the mucosal immunological data as described by the PCA model (Figure 4.26) 
were extracted and regressed against the entire urinary NMR matrix to identify those 
metabolic variables important in describing the mucosal variation.  Using O-PLS to regress 
the scores from PC1 against the NMR matrix did not produce a statistically valid model (Q2: 
-0.09).  A valid (Q2: 0.32, R2Y: 0.79, R2X: 0.29, p<0.01) model was constructed regressing 
the urinary NMR matrix against PC2 of the model, which represents the immunoglobulin 
related variation to the initial weaning diet; a summary of the model scores is shown in Figure 4.32 and the corresponding loadings of PC2 is shown in Figure 4.33.  
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Figure 4.32: PCA scores of mucosal immunoglobulins from all compartments   
Key: (  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis).  The red 
ellipse arbitrarily highlights the partial grouping of all probiotic groups and the black ellipses denote the partial separation of 
the different diet groups in the control animals.  Plot is redrawn for clarification purposes. 
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Figure 4.33: Loadings of PC2 from a PCA model of mucosal immunoglobulins (IgA and IgM).   
Key: MLN= Mesenteric lymph node, Pr-Si= Proximal small intestine, Di-SI= Distal small intestine. JPP=Jejunal Peyers’ 
patch, Cae=Caecum, Col=Colon; IgA (Blue), IgM (Green). 
 
The differences due to initial weaning diet in the mucosal immunological variation were 
captured in PC2 (21% of the total variance) of the mucosal immunoglobulin PCA analysis, 
agreeing with the observation that the largest variation observed in the NMR data is 
characterised by differences due to the initial weaning diet (Figure 4.19).  The corresponding 
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mucosal immunological profile, i.e. those Igs driving PC2 are shown to be characterised by 
increased proximal small intestinal and splenic IgM and decreased distal small intestinal IgA 
and IgM and jejunal PP IgM (Figure 4.33). 
The corresponding metabolic profile is shown in Figure 4.34. 
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Figure 4.34: O-PLS model of the entire urinary NMR matrix against PC2 scores of a PCA model of mucosal 
immunoglobulins (IgA and IgM). 
The spectral variables were scaled to the unit variance and the model was constructed with one orthogonal and one 
predictive component (Q2Y: 0.31; R2Y 0.79; R2X: 0.287; p<0.01).  A: Scores (T) are plotted against cross validated scored 
(Tcv); B: Loadings plot with selected significant metabolites labeled (r2>0.36).  Key: PAG=phenylacetylglycine, 
DMG=dimethylglycine, MG=methylguanidine, ADMA=asymmetric dimethylarginine. 
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To visualise the metabolites discriminating the variation in immunoglobulin secretion, all 
metabolites with a correlation coefficient of greater than 0.36 (95% confidence interval for 
24 samples) were identified (Figure 4.35). The trend of metabolic variation related to the 
immunoglobulin variation in Figure 4.33 can thus be seen.  This provides a metabolic pattern 
describing mucosal immunoglobulin variation and shows that the major metabolic 
discriminators of the model were increased hippurate, creatinine, and methylamine and 
decreased 3-methylhistidine and dimethylglycine. 
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Figure 4.35: Correlation coefficients of significant variables from an O-PLS model of the urinary NMR matrix 
against the mucosal immunoglobulin profile described by the scores of PC2.   
Correlation coefficients are ordered by descending values with mammalian-microbial co-metabolites in green and 
endogenous metabolites in blue.  Key: (ADMA=asymmetric dimethylarginine). 
 
The opposite analysis, i.e. a regression of the mucosal immunological data against the 
directions of variation in the urinary data was conducted. No valid models were obtained 
using PC1 (Q2: -0.11) or PC2 (Q2: -0.389) of the PCA model of urinary NMR data (Figure 
4.18). 
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4.5.8.2 Hierarchical clustering 
All metabolites highlighted as being significant in any of the statistical models constructed 
were integrated and clustered with the mucosal immunoglobulins to provide an idea of the 
overall probiotic effect on the inter-relationship of urinary metabolites and mucosal Igs 
(Figure 4.36).  
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Figure 4.36: Hierarchical clustering and correlation plot depicting the immuno-metabolic interface in the control 
animals.   
Metabolic clusters are highlighted with a cyan square and immuno-metabolic associations in yellow.  Key: (Col=colon, 
cae=caecum, ADMA=asymmetric dimethylarginine, Di-SI=distal small intestine, MLN=mesenteric lymph node, Pr-
SI=proximal small intestine, U1=unknown resonance 1 (δ1.41, δ3.50), U2=unknown resonance 2 (δ4.06, δ4.16, δ4.32), 
HPAG=hydroxyphenylacetylglycine, N6=N6, N6, N6-trimethyllysine, p-cresol=p-cresol glucuronide, 
IAG=indoleacetylglycine).  Increasing shades of pink represent increasing positive correlations and increasing shades of 
cyan represent increasing negative correlations. 
 
The urinary metabolites formed two main clusters in the control group, highlighted in cyan; 
one group comprises the mammalian-microbial co-metabolites methylamine, hippurate, 
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acetone, HPAG, indole and indoleacetylglycine.  The second group was composed of 
metabolites generally associated with energy metabolism such as citrate and succinate along 
with alanine, sarcosine and glycine which were positively correlated with 
phenylacetylglycine and p-cresol glucuronide.  The mucosal immunoglobulins associated 
with urinary metabolites are highlighted in yellow; MLN-IgA was positively correlated with 
PAG; distal small intestinal IgM, was here found to be positively correlated to sarcosine, 
betaine and citrate and negatively associated with hippurate, methylamine and ADMA.  JPP 
IgM was negatively correlated with methylamine.   
 
The same method was used for the probiotic fed animals (Figure 4.37) and most of these 
associations were altered.  It can be seen that indole, IAG, methylamine, acetone and HPAG 
were positively correlated, but in the probiotic treated group this metabolite cluster was also 
positively correlated to caecal IgM and negatively correlated with U1 and taurine.  Proximal 
small intestinal IgM secretion was positively associated with trimethylamine excretion in the 
probiotic supplemented animals. 
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Figure 4.37: Hierarchical clustering and correlation plot depicting the immuno-metabolic interface in the probiotic 
fed animals.   
Metabolic clusters are highlighted with a cyan square and immuno-metabolic associations in yellow. Key: (Col=colon, 
cae=caecum, ADMA=asymmetric dimethylarginine, Di-SI=distal small intestine, MLN=mesenteric lymph node, Pr-
SI=proximal small intestine, U1=unknown resonance 1 (δ1.41, δ3.50), U2=unknown resonance 2 (δ4.06, δ4.16, δ4.32), 
HPAG=hydroxyphenylacetylglycine, N6=N6, N6, N6-trimethyllysine, p-cresol=p-cresol glucuronide, 
IAG=indoleacetylglycine).  Increasing shades of pink represent increasing positive correlations and increasing shades of 
cyan represent increasing negative correlations. 
 
Individual levels of Igs were regressed against the urinary NMR matrix by O-PLS.  Using the 
entire data set, no statistically valid models were constructed (table in appendix II). 
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The data were subsequently divided into control and probiotic groups irrespective of weaning 
diet, and the same analysis performed to identify if the probiotic has any impact on the 
immuno-metabolic interface from an individual tissue Ig level.  The statistics from the 
probiotic groups are collated in appendix II and indicate that for the probiotic fed animals, 
caecal IgM levels were related to the NMR matrix. 
 
The statistics from the control groups are collated in appendix II and indicate that for the 
control fed animals, MLN IgA, distal small intestinal and JPP IgM levels are statistically 
related to the NMR matrix, which agrees with the results obtained by the hierarchical 
clustering analysis. 
 
4.5.9 Weaning Diet and Probiotic Supplementation Affect the Relationship Between 
Urinary Metabolites  
The correlation clustering plots showed a clear relationship between certain metabolites, 
which in some cases were altered by probiotic intervention.  Individual metabolites were 
subsequently correlated to assess the influence of dietary intervention on inter-metabolic 
relationships. 
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Figure 4.38: Figure showing relative intensities of urinary methylguanidine and hydroxyphenylacetylglycine 
(A) and indoleacetylglycine (B).  
 Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis.    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IAG and HPAG were found to be positively correlated (r2>0.89) with methylguanidine only 
in the originally soya fed control animals (Figure  4.38); probiotic supplementation 
completely abrogated this association. 
 
The relationship between IAG and HPAG was subsequently examined and they were found 
to strongly correlate (r2=0.91) irrespective of diet, but the soya diet animals excreted more of 
both compounds (Figure 4.39). 
 
Figure 4.39: Figure showing relative intensities of urinary hydroxyphenylacetylglycine and indoleacetylglycine.   
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis.  
When IAG was correlated with PAG however, the correlation was altered between the 
different starter diet groups, with the soya starter diet animals having a stronger correlation 
coefficient (r2=0.83 Vs 0.68) (Figure 4.40). 
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Figure 4.40: Figure showing relative intensities of urinary phenylacetylglycine and indoleacetylglycine.   
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis.  
It was observed that p-cresol glucuronide and PAG were generally correlated (Figure 4.41) 
with an overall correlation coefficient of 0.86.  Importantly this relationship did not display 
any dependence on initial weaning diet. 
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Figure 4.41: Figure showing relative intensities of urinary phenylacetylglycine and p-cresol glucuronide.   
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis. 
 
Phenylacetylglycine and its hydroxylated form were only weakly correlated in the soya 
probiotic fed animals (Figure 4.42). 
 
Figure 4.42: Figure showing relative intensities of urinary phenylacetylglycine and hydroxyphenylacetylglycine.   
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis. 
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Other mammalian-microbial co-metabolites shown to correlate were hippurate and 
methylamine (Figure 4.43). 
 
 
Figure 4.43: Figure showing relative intensities of urinary methylamine and hippurate.   
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis. 
 
Importantly, the initial weaning diet changed the direction of correlation between IAG and 
acetone (Figure 4.44); those animals that received an egg-based starter diet displayed a 
positive linear relationship (r2=0.86), whereas the soya-based starter diet animals exhibited a 
negative correlation between these two metabolites (r2=-0.43). 
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Figure 4.44: Figure showing relative intensities of urinary acetone and indoleacetylglycine.   
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis 
 
 
 
Sarcosine and betaine, methylated derivatives of glycine, were positively correlated (r2=0.91) 
in all initially egg-fed animals (Figure 4.45). 
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Figure 4.45: Figure showing relative intensities of urinary sarcosine and betaine.   
Key:  = Egg starter diet,  = Egg starter diet + B. lactis, = Soya starter diet,  = Soya starter diet + B. lactis. 
 
The ratio between selected metabolites was also compared between groups (Figure 4.46); the 
ratio of p-cresol glucuronide to hippurate was significantly different between the different 
starter diet groups in the control animals, but this difference was reduced upon addition of B. 
lactis.  The same trend was seen for the p-cresol glucuronide and acetone ratio, consistent 
with the idea that the probiotic may have a ‘normalising’ effect on the differences induced by 
weaning diet.  However, the opposite scenario was observed for the relationship between 
IAG and hippurate, indicating that this theory, if applicable, is not universal. 
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Figure 4.46: Figure showing the median ratio of selected urinary metabolites for each group.   
Key: HA=hippurate; P-cresol=p-cresol glucuronide; IAG=indoleacetylglycine.  (*) Denotes significance at the 95th 
percentile using a two-tailed students t-test assuming unequal variance; Y axis is the ratio of denoted metabolites.  
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4.6 Discussion 
4.6.1 Serum 1H NMR Profiles Display a Transient Response to Dietary Intervention 
During the Weaning Period 
The maturation trajectory of the animals is characterised by decreasing serum LDL, 
consistent with prior observations in the cat (Butterwick et al, 2001), the male miniature 
swine (Berlin et al, 1985) and the human infant (Kallio et al, 1992) but not the calf (Jenkins 
et al, 1988).  Glycerophosphocholine levels were decreased and creatine increased over the 
course of the experiment.  All of these observations are consistent with growth and increasing 
muscle mass.  The initial response to weaning, characterised by an increase in serum lactate 
levels, was abrogated following dietary standardisation at day 28 p.w.  Serum lactate is 
known to be associated with stress in the pig (Bertram et al, 2009) and as the litters were 
mixed at weaning, this increase in lactate could be a response to mixing stress (a well-known 
stressor) (Keeling and Jensen, 2002).  Psychosocial stress may be important in determining 
the microbiome composition (O'Mahony et al, 2009) and if this is the reason behind the 
increase in lactate then the overall tendency to have decreased lactate levels at 28d p.w in the 
probiotic supplemented animals relative to the controls could indicate a positive impact on 
systemic effects of stress in response to B. lactis supplementation and may provide a 
functional mechanism for potential reduction of infections by probiotics due to reduced stress 
(Evans et al, 1948). 
Intriguingly, the serum responses to the dietary interventions were observable only between 
day 7 and 42 p.w, after which time the metabolic profiles converged; this rapid metabolic 
response phase may be attributable to host immune response (Newsholme et al, 2003). The 
first week post-weaning is known to be a stage of considerable turmoil to the young pig 
(Lalles et al, 2007) and it is immediately post-weaning that the animal is generally most 
susceptible to infection at mucosal surfaces.  The metabolic separation induced by the 
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probiotic at 7d p.w was due to increased levels of the branched chain amino acids (BCAAs) 
valine and isoleucine, indicating a greater energy reserve in the probiotic fed animals and 
therefore potentially greater nutrient absorption.  They also had higher levels of creatine, 
alanine, arginine and glycine, potentially indicating both increased muscle turnover and 
increased absorption of amino acids.  At 14d, the egg fed animals displayed increased serum 
N-acetylglycoproteins (NAG); increased plasma NAG has been linked with an ‘acute-phase’ 
inflammatory response (Bell et al, 1987).  If this is the case, it would accord with the fact that 
as soya is a normal constituent of pig diet, the soya fed pigs would have been exposed to 
maternal soya antigens (Ag) and therefore would likely have oral tolerance (Bailey et al, 
1994) to these Ag; egg is not a normal constituent of pig feed and thus represents a novel 
antigenic challenge and may induce a transient inflammatory response.  Additionally, 
modification of the microbiota due to initial weaning diet may have occurred leading to 
potentially different microbial associated molecular patterns (MAMPS) that could induce 
inflammation; they may also, as a result of this modification, have different levels of 
plasmatic lipopolysaccharide (LPS) which could induce a transient inflammatory response 
(Cani et al, 2008) .  The egg fed animals also have higher serum levels of betaine at this time-
point and 28d p.w; this may reflect the general higher level of betaine in egg protein; 
additionally, increased levels of betaine have been observed in pig plasma after a whole grain 
diet, indicating the potential for dietary modulation of this metabolite.  Betaine has been 
suggested to play a role in protecting against protein denaturation and to act as a ‘chemical 
chaperone’, improving vascular risk factors and athletic performance (Bertram et al, 2006).  
The egg-fed animals also have increased lipids and BCAA levels and thus appear to be 
receiving a relatively higher energetic content from their diet.  The diets are designed to be 
isoenergetic.  However, the potential modulation of the microbiota by the weaning diet may 
affect absorption, intestinal permeability and possibly lipid metabolism (Dumas et al, 2006a).  
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Additionally, the nutrient absorption from each of the different diets is liable to be different 
purely due to the composition of the diet.  The egg-fed animals also have relatively lower 
levels of serum glycine; this could be due to many factors, but if the microbial ecology is 
already changing, the constituent microbes could be producing different amounts of 
metabolites needing phase II conjugation by glycine, an observation that could be confirmed 
if longitudinal urine sampling had been conducted.  At 14d p.w, the probiotic-supplemented 
animals had generally higher lipid levels in their serum, indicating the potential for either 
greater uptake of lipid from diet during probiotic supplementation or an alteration in bacterial 
dynamics affecting lipolysis and absorption of lipids.  When homeostatic equilibrium was 
regained to some extent post-dietary standardisation at 28d p.w, serum profiles ceased to 
reveal relevant information about the probiotic effect; the dietary effect remained until 42d 
p.w and at this time-point, the soya fed animals were characterised by decreased 
phosphorylcholine and glycerophosphocholine, indicating the potential for differential 
choline metabolism by the gut microbiota (Dumas et al, 2006a).  This finding is consistent 
with observations that plasma choline levels are decreased in humans following a soya 
dietary intervention (Solanky et al, 2005).  At the end of the experiment, no differences were 
visible between the 4 diet groups, this indicates that the greatest affect on the system 
happened immediately post-weaning and that the piglets had adapted to the systemic effects 
of nutritional intervention at the time of sacrifice.  
 
The trends observed in the major discriminating metabolites over time suggest that the 
probiotic impacted the effect of the initial weaning diet, and appeared to reduce the 
differences of serum levels of some metabolites observed in the control animals, although 
further studies are necessary to confirm this finding.  Immediately prior to the dietary 
standardisation step at day 28 p.w, the serum metabolic profile showed the greatest inter-
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animal variability.  This was potentially due to the evolution of the microbial ecosystem 
following the different dietary interventions, which at this point had been applied for 4 
weeks.  The observation that the profiles re-converged after the dietary standardisation at 28d 
p.w (represented by Figure 4.47) indicates that diet and or microbial ecology can potentially 
influence the homogeneity of the serum metabolic signature between individuals and that 
current diet rather than prior intervention predominantly affects the inter-animal variation of 
the serum metabolite pool.  Human and pig lipoprotein profiles are similar when pigs are fed 
a high-fat diet (Knudsen and Canibe, 1993; Terpstra et al, 2000) and thus the lipid and 
lipoprotein variation in serum may be a translatable feature of weaning or dietary 
intervention.  These findings confirm previous results indicating that probiotics have a 
significant association with the metabolism of short chain fatty acids (SCFAs), amino acids, 
methylamines and lipoproteins (Martin et al, 2008)    
 
Figure 4.47: Schematic representation of the hypothetical serum metabolic response trajectory.   
Black lines represent egg fed animals and purple lines the soya fed animals.  Dashed lines represent the probiotic groups; the 
purple background indicates the period when the pigs are fed on egg/soya diets and the cyan background when they are fed 
fish-based diets.  
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4.6.2 Weaning Diet and Probiotic Supplementation Affect Hepatic Metabolism 
The relatively higher levels of hepatic acetate in B. lactis supplemented groups indicates the 
potential stimulation of acetogenic microorganisms by the probiotic; increased production of 
SCFAs are generally thought to be beneficial to host health and provide a source of energy 
but in this context it is likely that acetate is a precursor of hepatic lipolysis.  Alanine and 
lactate levels are higher in the B. lactis groups initially weaned onto a soya diet and these 
changes may reflect changes in energy metabolism.  Increased creatine in the B. lactis fed 
groups initially weaned onto an egg diet indicates an increase in muscle turnover and higher 
serum creatine levels in the probiotic groups at earlier time-points reflected this.  Altered 
concentrations of hepatic choline, GPC, PC and DMA indicate an effect of the nutritional 
intervention on choline metabolism, which can be influenced by the microbiota (Dumas et al, 
2006a).  A decreased concentration of glycogen in the liver in the initially soya fed animals 
could indicate increased energy requirements in these animals; soya as a protein source may 
not induce gluconeogenesis as much as egg and therefore the pool of glycogen may not have 
re-established.  This would imply that their metabolism has altered for at least 4 weeks.  
Alternatively, this could be a stress response to the sacrifice environment as the glycogen 
degradation pathway is signalled to start by epinephrine (Berg et al, 2002). 
 
The differences in hepatic metabolism between the animals weaned onto different starter 
diets implies that the weaning diet exerted a sustainable effect on hepatic metabolism that 
persisted after a four-week dietary washout period.  The consequences of post-weaning 
probiotic supplementation on hepatic metabolism differed in part due to this sustained effect.  
B. lactis supplementation influenced hepatic metabolism in these animals and the effect on 
acetate and choline metabolism implies that the probiotic may have affected the composition 
or activity of the gut microbiota in relation to carbohydrate and lipid metabolism.  However, 
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the statistical models generated from the hepatic metabolic profile were not robust enough to 
conclusively determine the effect of dietary intervention on hepatic metabolism in the pig.   
Interesting trends were observed however, which warrant further investigation as this work 
suggests that there may be important effects of probiotic supplementation on the systemic 
metabolic profile, indicating that B. lactis may possess strong ‘metabomodulatory’ 
properties.  Additionally, the observation that only some of the animals displayed a strong 
response to probiotic could be indicative of dual responder/non-responder phenotypes or 
could be due to the fact that the animals were not individually housed and therefore there 
may be inconsistencies in the amount of probiotic ingested by the animals, with the more 
dominant animals eating more. 
 
4.6.3  Weaning Diet Initiates ‘Sustainable Metabolic Reprogramming’ in the Piglet 
Urinary Metabolite Profile at Weaning  
The persistently strong urinary metabolic signature associated with the initial weaning diet 
suggests that initial weaning diet confers  ‘sustainable metabolic reprogramming’ on the pig.  
This signature was characterised in the control animals by relatively increased levels of 
hippurate, IAG, HPAG, creatinine, methylamine, ADMA, N6, N6, N6-trimethyllysine and 
acetone in pigs weaned onto a soya-based diet and relatively increased levels of PAG, p-
cresol glucuronide, betaine, citrate, dimethylglycine, methylguanidine, succinate and 
sarcosine in animals initially weaned onto an egg-based diet.  The decrease in citrate in 
initially soya fed animals is in conflict with the observation that humans excrete relatively 
increased levels of citrate after a soya diet.  However these animals exhibited concomitant 
decrease of succinate excretion, which indicates a modulation of the citric acid cycle.  They 
also excreted elevated levels of MA which is comparable to humans after a soya diet 
(Solanky et al, 2005).  Sarcosine (N-methylglycine) is an intermediate of choline and 
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together with modulation in the excretion of methylamine suggests a microbiota related shift 
in choline metabolism in response to dietary intervention (Dumas et al, 2006a).  Acetone can 
be either microbially or endogenously derived, as it is one of the three ketonic acids (Berg et 
al, 2002).  If the animals were in a ketotic state, systemic levels of acetone, β-
hydroxybutyrate and acetoacetate would be expected to increase in these animals; as this is 
not observed experimentally, the increased levels of acetone in the initially soya-fed animals 
can be assumed to be of bacterial origin.  ADMA is a precursor of dimethylamine and 
inhibits nitric oxide (NO) formation.  Increased plasma concentrations of ADMA are 
correlated with immune activation (Kurz et al, 2009) and thus increased urinary 
concentration could be representative of immune activation in the initially soya-fed animals. 
Changes in excretion of phenolic and indolic compounds are generally seen reflecting 
variation in microbial composition in relation to nutritional composition (Isolauri et al, 
2004).  Therefore, changes in these compounds when the animals are on a standardised diet 
would imply a shift in microbial ecology or function.  P-cresol has a growth depressing effect 
on young pigs.  Therefore the increased excretion of this compound in the initially egg fed 
animals may explain the trend in weight seen earlier in the experiment (Yokoyama et al, 
1982).    
4.6.4 The Urinary Metabolic Consequences of Bifidobacterium lactis Supplementation 
are Dependent on the Initial Weaning Diet  
The variation between the probiotic-fed and control groups on the egg starter diet was 
minimal and the model was poorly fitted and due to only 4 animals, but the probiotic group 
exhibited a trend to excrete relatively increased levels of indole, hippurate, taurine and 
isovalerylglycine implying a shift in functional ecology of the microbiota.  Both short- and 
long-term administration of prebiotics and probiotics has been shown to result in 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 199 
significantly decreased urinary p-cresol content, accompanied by an increase in 
Bifidobacterium (De Preter et al, 2007).  This is in contrast with findings from the current 
experiment where probiotic fed animals in the soya-fed starter group excreted higher levels 
of p-cresol glucuronide than controls.   
The initially soya fed animals exhibited a stronger metabolic response to probiotic 
supplementation.  This implies that the probiotics may have been introduced into a more 
perturbed system and thus induced a more pronounced effect.  In the soya starter diet 
animals, administration of B. lactis induced increased excretion of PAG, IAG, p-cresol 
glucuronide, TMA, alanine and decreased creatinine and U1, implying alteration of the 
functional microbial ecology and potentially energy metabolism.   
 
The differential metabolic effects of the animals on each starter diet to probiotic 
supplementation implies that the initial diet initiated a reprogramming effect on host 
metabolism and the microbial ecosystem which was at least partially sustainable and may 
affect the consequences of probiotic supplementation.  Increased IAG excretion following 
probiotic supplementation in the initially soya-fed animals implies that B. lactis affected the 
resident microbial population.  Bifidobacterial species do not possess tryptophanase activity 
(Wikoff et al, 2009) and can therefore not directly contribute to indole production.  Indole 
may be important in biofilm formation and bacterial communication and is also considered 
an archetypal hormone of eukaryotic cells; at least 85 species of bacteria can produce indole 
(Jayaraman and Wood, 2008; Lee and Lee, 2009) and thus differential IAG levels in response 
to dietary intervention indicates alteration in the gut microbial ecology.  
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4.6.5 Urinary Metabolic Correlations are Affected by Dietary Intervention 
The relationship between p-cresol glucuronide and PAG excretion was shown to be 
consistent and not perturbed by dietary intervention.  This suggests that some bacteria may 
produce both phenylacetate and p-cresol and that the production ratio was refractory to diet 
induced alteration.  However, other microbial metabolic correlations were influenced by 
dietary intervention. IAG and HPAG strongly correlated and therefore may have been 
produced by the same microorganisms. Methylguanidine has a putative anti-inflammatory 
functionality (Marzocco et al, 2004) and its positive correlation with the microbial 
metabolites IAG and HPAG in the soya starter control animals may indicate a response to 
inflammation correlating with the subset of bacteria responsible for IAG and HPAG 
production.  Interestingly in the probiotic supplemented animals this relationship was 
abrogated and may indicate a reduction of inflammation in these animals.  Diet affected the 
strength of the correlation between IAG and PAG, suggesting an ecological shift, and PAG 
and HPAG were weakly correlated only in the animals initially weaned onto the soya diet 
supplemented with B. lactis.  IAG and acetone were positively correlated in the animals 
weaned onto an egg-based diet and negatively correlated in animals weaned onto a soya-
based diet indicating that, if acetone was of bacterial origin, weaning diet may have induced a 
shift in population dynamics and ecological distribution between certain sub-groups of 
bacteria.  The changes in excretion of gut microbial co-metabolites may be due to differential 
activity rather than differential population dynamics.  
 
4.6.6 The Immunoglobulin Secretion Profile is Altered by Bifidobacterium lactis 
Supplementation 
B. lactis supplementation had a significant effect on the Ig secretion profiles examined 
compared to the effect it had on the metabotype, indicating that the two responses are not 
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highly correlated. The immunological differences related to diet in the control animals was 
primarily due to IgM secretion profiles, the initially egg-fed animals secreted relatively 
greater quantities of distal small intestinal and jejunal Peyer’s patch IgM.  The differences in 
the secretion profiles due to B. lactis supplementation were mainly characterised by a 
modulated secretion profile of IgA across the compartments studied.  IgA is the predominant 
mucosal Ig comprising around 80% of the mucosal Ig repertoire (Vanderheijden et al, 1987); 
it has been shown to promote biofilm formation (Lu et al, 2001) and has been implicated as a 
primitive mechanism to shape microbial ecology (Suzuki et al, 2007).  Axenic animals do not 
produce IgA (Lu et al, 2001) and the germinal centre reactions of Peyer’s patches require 
bacterial Ag to stimulate IgA production; it can thus be thought of as a potential mechanism 
of regulating host-microbial interactions at the mucosal interface, apparently in an extremely 
site-specific manner.  Indeed the tissue specificity and diversity of the secretory Ig response 
indicates that both diet and B. lactis intervention affected the microbial population of distinct 
niches in the GI tract.  Intriguingly, immunological consequences of probiotic 
supplementation differed depending on the initial weaning diet; this was also reflected in the 
urinary and hepatic metabolic profiles and indicates that the initial weaning diet affects the 
global consequences of B. lactis supplementation on the system.   
 
4.6.7 The Immuno-Metabolic Interface is Altered by Bifidobacterium lactis 
Supplementation 
Intestinal IgM may be secreted either as a regulator or in response to differences in the 
gastrointestinal microbial environment; distal small-intestinal IgM secretion was negatively 
correlated with the gut microbial co-metabolites hippurate and methylamine along with 
ADMA, and positively correlated with sarcosine, betaine and citrate in the control animals.  
IgM secretion from the jejunal Peyer’s patch was also negatively correlated with 
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methylamine in the control animals.  The B. lactis supplemented animals, however, showed a 
positive correlation with proximal small intestinal IgM secretion and trimethylamine, a gut 
microbial metabolite of choline metabolism.  Additionally, caecal IgM and a number of gut 
microbial co-metabolites including methylamine, hippurate and IAG were positively 
correlated.  In the control animals, PAG, a gut microbial metabolite of phenylalanine 
metabolism, and IgA secreted from the mesenteric lymph node (MLN) were positively 
correlated.  These results indicate that an immuno-metabolic interface exists in pigs with no 
pre-existing or experimentally induced pathology, and that this interface can be modulated by 
supplementation with B. lactis.  Given that the MIS interacts so intimately with the 
commensal microbiota, it is of interest that interactions observed in this experiment were 
mainly due to metabolites of putative microbial origin. 
 
4.6.8 Effects of Probiotic Intervention 
In terms of the global mucosal immunoglobulin profile, the probiotic has an effect of 
‘normalising’ the effect of initial weaning diet (Figure 4.26), whereas this is not strictly the 
case in the metabolic profile (Figure 4.18).  However, there are some ‘normalisation’ 
properties if the relationships between individual gut-microbial co-metabolites are 
considered.  For instance, the probiotic abrogates the differential p-cresol glucuronide to 
hippurate ratio difference observed in the control animals (Figure 4.46); Figure  4.48 
illustrates this ‘normalisation’ response.  Importantly, this figure shows that, with the 
exception of IAG, the Igs or metabolites depicted which are shown to be affected by the 
weaning diet, are ‘normalised’ to an extent by the probiotic, i.e. those which are 
comparatively increased in one diet are reduced by the probiotic and vice versa.   This 
principle does not hold true for all metabolites but does indicate a potentially interesting 
trend.  
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Figure 4.48: A representative figure showing the effect of diet and B. lactis supplementation on Immunoglobulin 
secretion and the excretion of some gut microbial metabolites.   
The left hand side of the dashed line represents the responses in egg starter diet and animals and the right hand side the soya 
starter diet animals.  Key: JPP=jejunal Peyer’s patch; MLN=mesenteric lymph node; SI=small intestine; (g) =glucuronide; 
PAG=phenylacetylglycine; IAG=indoleacetylglycine.  Arrows with three bars represent comparatively higher 
excretion/secretion in one diet compared to arrows with one bar representing comparatively lower excretion/secretion.  
Coloured hexagons represent dietary precursor of microbial metabolites of which all groups received an equal quantity.  
Igs/metabolites in a red box are increased in the probiotic fed animals and those in blue boxes are decreased in probiotic fed 
animals. Coloured rods represent potentially distinct bacterial species. 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 204 
4.6.9 Perspectives 
A number of metabonomic studies investigating the metabolic response of different species 
to parasitic infection clearly display a profile characterised by reduced hippurate and 
increased p-cresol glucuronide (Wang et al, 2006; Wang et al, 2009a; Wu et al, 2010b), and 
as such, the relationship of these two metabolites may be a candidate ‘bio-profile’ to consider 
as a marker of immune response.  The fact that it is generally extracellular parasitic 
infections, which clearly demonstrate this ‘bio-profile’, could indicate a Th2 (or 
extracellular/anti-inflammatory) bias relating to this excretion profile.  In parallel, IgM is the 
immunoglobulin found to be most altered between diets, an effect that again is reduced in the 
probiotic supplemented animals.  Increased secretion of IgM has been shown to be associated 
with acute diarrhoeal disease in children (Croft and Hodges, 2005) and Echinostoma caproni 
infection in mice (Sotillo et al, 2007) which would generally induce a Th2 biased immune 
response.  A dedicated experiment should be designed to test the relationship between the 
immune system bias and the urinary metabolic profile.  A minimally invasive method to 
distinguish mucosal immune response to intervention strategies could significantly enhance 
our understanding of pathologies under ‘supra-organismal’ control. 
 
The samples for metabolic profiling and immunoglobulin profiling were taken four weeks 
post-dietary standardisation, and while the effects from the initial weaning diet are 
sustainable to this point, it is not known whether the profiles will converge in time or if this 
is a longer lasting reprogramming event (summarised in Figure 4.49).  It would be of interest 
to know whether this or indeed other probiotic strains could induce a faster ‘recovery’ from a 
metabolic reprogramming event as this could have important health implications after major 
metabolic disturbances such as chemotherapy, malnutrition and enteric disease.  It is also of 
interest to know whether this and other metabolic reprogramming or programming or 
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imprinting episodes are reversible, as this will determine the most opportune period to 
implement intervention strategies. 
 
Figure 4.49:  Hypothetical routes of metabolic and immunologic trajectories at later time points.   
Black lines represent egg starter diets, purple line represent soya starter diet and dashed lines are the probiotic supplemented 
groups. N=normalization; ?= hypothetical routes of inter-group deviation after the point of sacrifice. 
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4.7 Conclusions 
These results suggest that initial weaning diet may induce a metabolic reprogramming event 
on the pig that is partially restorable by probiotic supplementation.  Statistically significant 
fusion of immunoglobulin and metabolic data was accomplished.  However, additional 
information is necessary to gain a clearer understanding of the relationship between the two 
and make more biologically meaningful conclusions.  Examination of inflammatory 
parameters and metagenomic data would assist in the assessment of the systemic degree of 
change induced by each intervention. 
   
The metabonomic results imply altered lipid, protein and carbohydrate metabolism by the gut 
microbiota in response to these nutritional interventions in the pig.  The differential 
immunological, hepatic and urinary response to B. lactis supplementation suggests a diet 
induced reprogramming effect on the gut microbial ecology and this needs to be confirmed 
by repeating the experiment and collecting microbiological data.  Imprinting on gut microbial 
metabolic activities relating to previous dietary habits has been previously observed (Rezzi et 
al, 2007) and coupled to these results indicates that the microbiota may be more profoundly 
and sustainably modulated by diet than previously thought.  A soya-based diet may induce 
changes in methylamine pathway intermediates, choline and betaine implying changes in 
lipid and cholesterol metabolism agreeing with previous findings in humans (Solanky et al, 
2003).  This may also indicate that bile acid composition is altered in these animals, which 
would be interesting to assess in a future study.  
 
Of the biological compartments examined, urine was the most informative compartment to 
investigate the consequences of dietary intervention studies on the immuno-metabolic 
interface.  Rezzi et al have shown that urine better reflects dietary intake than saliva and 
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plasma (Rezzi et al, 2007) and future studies around the weaning period should include 
longitudinal urine sampling in addition to serum sampling.  
Wider implications for this could also be assessed in a future study.  The balance of gut 
microbial co-metabolic excretion was altered in response to dietary intervention, suggesting 
that dietary influence on microbial ecology is sustainable.  Differential microbial metabolism 
of aromatic amino acids could imply differences in bioavailability of these precursors and 
therefore potentially affect production of catecholamines such as serotonin and dopamine, 
which may subsequently affect neurotransmitter signalling, behaviour and mood. 
 
“What is food to one, is to others bitter poison.” 
Lucretius 
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5 Pre and Post-Weaning Effects of Nutritional Intervention on the 
Isolator-Reared Piglet 
 
5.1 Summary 
 
Formula-fed piglets housed individually under ‘high-hygiene’ conditions displayed a 
differential urinary metabolic profile when weaned onto different diets.  Animals weaned 
onto an egg-based diet exhibited a reduction in urinary excretion of phenylacetylglycine, a 
gut-microbial end product of phenylalanine metabolism, if they were supplemented with 
Bifidobacterium lactis pre and post-weaning, but no difference was observed if the animals 
were only supplemented post-weaning.  The experiment was conducted in two batches and a 
batch effect was observed, which is potentially attributable to microbiotal differences; 
importantly the animals receiving pre and post-weaning B. lactis supplementation displayed a 
less evident batch effect than the other groups, indicating a potential ‘stabilisation’ of 
microbial colonisation by this organism.  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5.2 Aims 
i) To ascertain the variation of the urinary metabolic profile of piglets fed a soya-based 
weaning diet compared to those fed an egg-based weaning diet 
ii) To establish if there is a metabolic difference in piglets administered probiotics pre 
and post-weaning compared to controls 
iii) To assess if there is a batch effect detectable in the urinary metabolic profiles of these 
animals 
 
5.3 Introduction 
Previous work in this thesis has indicated that weaning diet is important in determining the 
metabotype of the young pig and that the probiotic Bifidobacterium lactis has a differential 
impact on the metabolic phenotype of these animals depending on the initial weaning diet.  
This experiment aims to ascertain if the stage at which the probiotic is administered is 
influential in determining the metabolic response to this intervention.  Additionally there is a 
control step with animals receiving a soya based or egg based post-weaning diet without a 
subsequent dietary standardisation step as per the previous experiment.  These two groups 
should provide an idea of which metabolic signatures relating to these two diets have carried 
over in the ‘metabolic reprogramming’ step from the experiment in the previous chapter. 
The animals in this experiment are kept under ‘high-hygiene’ conditions; they are formula-
fed from birth and individually housed in specific pathogen free (SPF) isolators.  They can 
thus be thought to represent a formula-fed infant raised in a ‘hygienic’ environment.  The 
increasing prevalence of infant formula feeding in the western world makes this model 
extremely relevant to human development.  The importance of breast-feeding has been 
extensively demonstrated and is thought to be important not just for prevention of infection at 
mucosal surfaces but failure to breast-feed is also implicated in the pathogenesis of many of 
the most prevalent healthcare problems of this era, notably obesity and type II diabetes 
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(Isolauri et al, 2004; Koletzko et al, 2009; McNiel et al, 2010; Tarrant et al, 2010) although 
the literature is somewhat controversial. 
 
5.4 Materials and Methods 
5.4.1 Animal Husbandry 
Animal housing and experimental procedures were all performed according to local ethical 
guidelines: all experiments were performed with a UK Home Office Licence and were 
approved by the University of Bristol Ethical Review Group. 
At 24h post-partum, 12 outbred litter matched piglets from Large white x Landrace hybrid 
sows were removed to the University of Bristol’s SPF pig isolator facility and placed into 
one of four groups (Figure 5.1).  Groups 1-3 were housed together whilst group 4, which 
received probiotic intervention, was housed behind a bio security barrier to avoid probiotic 
contamination of the other groups which remained NCC2818-free at this point.  When the 
piglets had learnt to drink, they were housed in separate units and fed with bovine formula 
milk replacer.  Group 4 received the B. lactis NCC 2818 probiotic intervention in the form of 
Konolfingen powder mixed into the weaning feed at a concentration of 4.2 x 106 CFU/ml.  At 
3 weeks, the piglets were all weaned onto either the soya-based diet (group 1) or the egg 
based diet (groups 2-4).  From weaning until the end of the experiment, group 3 in addition 
to group 4 piglets received probiotic intervention.  A second replicate was carried out with a 
further 12 animals.  Pigs were euthanased at 5 weeks by intra-venous injection of Euthatal 
(Pentobarbitone).  At post-mortem, urine was removed immediately by direct extraction from 
the bladder and via sterile syringe, snap frozen in liquid nitrogen and stored at -40oC. 
 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 211 
 
Figure 5.1: Graphical representation of  experimental protocol.   
Numbers represent the different groups and the time-line along the bottom shows the age pigs were weaned and sacrificed.   
5.4.2 NMR Spectroscopic Analysis 
Urine was analysed by 1D 1H NMR spectroscopy. All samples were prepared as described 
previously (2.2.4.1) and randomised during preparation and spectral acquisition.  Spectra 
were acquired on an Avance 600 MHz NMR spectrometer (Bruker) using an auto-sampler 
with a Bruker 5mm TXI triple resonance probe at 300K. Standard one-dimensional 1H NMR 
spectra were acquired for all samples; for parameter setup, 256 scans (16 dummy scans) were 
collected into 64k data points over a 20 ppm spectral width using the first increment of a 
standard NOE experiment (Bruker pulse program: noesypr1d) with water presaturation 
during the relaxation delay of 2 s and during the mixing time of 100 ms. 
 
5.4.3 Data Acquisition and Pre-Processing 
An exponential window function with a line broadening of 0.3 Hz was applied prior to 
Fourier transformation to all 1D NMR spectra.  The resultant spectra were phased, baseline 
corrected and calibrated to TSP (δ0.0) using NMRproc (in house software developed by Drs. 
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T. Ebbels and H. Keun).  These were then manually checked using Topspin (2.0a, Bruker 
BioSpin 2006) as a visualiser.  The spectra were subsequently imported into Matlab (R2009b, 
The MathsWorks inc.) where the region containing the water resonance (δ4.7-5.0) and urea 
(δ5.6-6.2) were removed.   The spectra were aligned using an in-house algorithm (Veselkov 
et al, 2009) to abrogate the effects of peak shifting due to variations in pH.  The data were 
then normalised to the probabilistic quotient (Dieterle et al, 2006) to minimise the effects of 
inter-sample variation due to phenomena such as dilution. 
  
PCA, O-PLS, O-PLS-DA and STOCSY were performed in Matlab using an in-house routine 
(Cloarec et al, 2005a).  For O-PLS and O-PLS-DA models, the scores (T) were plotted 
against the cross-validated scores (Tcv) to provide an estimation of the goodness of fit of the 
model as well as assessment of the over-fitting of the model.   All spectral variables were 
scaled to the unit variance (UV) such that each variable had an equal weight in the model, 
and models were subject to a 7-fold cross-validation. 
For each O-PLS or O-PLS-DA model it was determined whether the Q2Y (predictive ability) 
of the model was significantly different to the Q2Y calculated from 100 random permutations 
of Y using the cumulative probability value determined at the 95th quartile (in-house routine 
written by S. Richards).   
 
5.4.4 Two-Dimensional NMR Experiments for Structural Elucidation 
2D experiments were conducted on selected samples to aid structural assignment.  These 
experiments were conducted on an Avance III 600 MHz NMR spectrometer (Bruker).  1H, 
1H-1H and 1H-13C NMR spectra of urine were performed with a Bruker 5 mm CP TCD 
cryoprobe at 300K. 1D NMR spectra were initially acquired as described in 5.4.2.  Two-
dimensional 1H-1H total correlation spectroscopy (TOCSY) spectra were acquired using a 
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DIPSI2 sequence for Hartmann-Hahn transfer, with sensitivity improvement and 
presaturation for water suppression (Cavanagh et al, 1991; Piotto et al, 1992; Sklenar et al, 
1993).  Typically 32 transients (16 dummy scans) were collected into 400 increments at a 
spectral resolution of 4k. Spectra were processed into a resolution of 8k (F2) and 1k (F1) 
using a shifted qsine function.  
Two-dimensional echo/anti-echo 1H-13C heteronuclear single quantum correlation (HSQC) 
spectra were collected using sensitivity improved pulse sequence with adiabatic pulses 
(Cavanagh et al, 1991; Kay et al, 1992; Schleucher et al, 1994) for all matrices. Typically, 
320 scans were collected into 128 increments at a spectral resolution of 4k in F2 and 128 in 
F1 across a spectral width of 12 ppm and 170 ppm for the 1H and 13C axes respectively, with 
an acquisition time of 0.284 s and a relaxation delay of 1.5 s; 13C decoupling was achieved 
using the GARP method (Shaka et al, 1985), and delays were set for a 145 Hz one-bond 1H-
13C coupling constant.  Spectra were zero-filled in F2 by a factor of two to 8k, and zero-
filling and linear prediction was applied in F1 to result in a resolution of 1k. 
Heteronuclear multiple bond coherence (HMBC) spectra (Bax and Summers, 1986) were 
collected via a heteronuclear zero and double quantum coherence with presaturation for 
water suppression.  Typically, 400 scans (16 dummy scans) were collected into 128 
increments at a spectral resolution of 4k in F2 and 128 in F1 across a spectral width of 12 
ppm and 170 ppm for the 1H and 13C axes respectively, with an acquisition time of 0.284 s 
and a relaxation delay of 1.5 s.  Spectra were zero-filled in F2 by a factor of two to 8k, and 
zero-filling and linear prediction was applied in F1 to result in a resolution of 1k. 
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5.5 Results 
5.5.1 Weaning Diet Induced Variation in the Urinary Metabolic Profile of Isolator-
Reared Piglets 
In order to assess the impact of weaning diet on the metabolic phenotype of the young pig, 
the urinary profiles from animals weaned onto either a soya or egg-based weaning diet were 
compared using O-PLS-DA (Figure 5.2). 
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Figure 5.2: O-PLS-DA plot derived from 600 MHz 1H NMR urine spectra showing the metabolic differences due to 
weaning diet in the control animals.  
A: Scores (T) are plotted against cross-validated scores (Tcv); metabolites labeled in the loadings plot (B) have a correlation 
coefficient of >0.67, determined by the Pearson Product-Moment coefficient as being significant at the 95% confidence 
interval.  The model was scaled to the unit variance and was constructed with one orthogonal and one predictive component 
(Q2Y: 0.81, R2Y:0. 97, R2X: 0.54).  Key: (  = Egg-fed animals,  = Soya-fed animals); † the additional resonance of taurine 
(δ3.27t) was obscured by a large singlet (δ3.27) corresponding to betaine; § denotes putative assignation based on 1H-13C 
resonances. 
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 Weaning diet induces a strong metabolic variation in the young pig; the egg-based diet 
results in increased urinary excretion of p-cresol glucuronide and phenylacetylglycine, both 
of which are gut microbial co-metabolites observed as being increased in animals weaned on 
to an egg-based starter diet in the previous experiment.  Urinary betaine output was also 
increased as observed in the previous experiment.  Additional metabolic differences which 
weren’t observed previously include increased excretion of 2-hydroxyisobutyrate, isobutyrate 
and 3-hydroxyisovalerate in the egg-fed animals; these are all short chain fatty acids and are 
a likely product of carbohydrate or protein fermentation by the gut microbiota.  3-
hydroxymethylglutarate and 3-methylcrotonylglycine excretion were increased in the pigs 
fed an egg-based diet, and increased excretion of taurine and allantoin in the pigs fed a soya-
based diet was observed.  Two unassigned groups of signals were increased in the soya-fed 
animals, which may be part of the same molecule.  The resonances for U5 (δ1.67 (m), δ1.78 
(m) & δ3.17 (t)) are structurally connected as determined by 2D NMR experiments (shown 
in appendix III) and exhibit a structural resemblance to cadaverine, arginine and lysine, so 
U5 is likely to be an amino acid or product of protein putrefaction, which would agree with 
the animals being fed a different source of protein.  The aromatic resonances denoted U6 
correspond to moieties at δ7.09 (d) and δ7.26 (d) and display spectral similarity to 4-
hydroxybenzoate and p-cresol.  These resonances are thus likely to correspond to a para-
substituted aromatic structure and are potentially a product of microbial fermentation. 
 
5.5.2 Variation in the Urinary Metabolite Profile of Pigs Supplemented with 
Bifidobacterium lactis Pre or Post-Weaning 
The variation in the three groups fed an egg-based diet was assessed.  In order to see if there 
was linearity in the response of the animals to the intervention, an O-PLS model was 
constructed using a hypothetical response vector assuming that the control animals represent 
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no intervention (0), the animals administered post-weaning probiotics represent a weak 
intervention (1) and the animals administered pre and post-weaning probiotics represents a 
stronger intervention (2).  The model constructed was valid (Q2Y: 0.48; R2Y: 0.88, R2X: 
0.29; p<0.01) and describes a metabolic profile associated with the intervention; however, by 
examining the cross-validated scores (Figure  5.3), it is apparent that the variation in the 
model is due to the animals administered pre and post-weaning probiotics and not the 
animals just receiving post-weaning probiotics.    
 
 
 
 
 
 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 218 
 
Figure 5.3: O-PLS Scores plot derived from 600 MHz 1H NMR urine spectra describing the metabolic variation 
between the animals on an egg-based diet: control animals and those receiving probiotics post-weaning, or pre and 
post-weaning.   
Cross-validated scores (Tcv) extracted from an O-PLS model of the urinary metabolic matrix plotted against a hypothetical 
response vector Y coding control animals as (0), animals supplemented with probiotics post-weaning (1) and animals 
supplemented with probiotics pre and post-weaning (2). The spectral variables were scaled to the unit variance and the 
model constructed with one orthogonal and one predictive component (Q2Y:0.48; R2Y:0.88; R2X:0.29; p<0.01). =Control 
animals; =Post-weaning probiotic supplemented animals; =Pre-weaning probiotic supplemented animals. Dashed line 
illustrates the separation between the control and pre-weaning groups; the post-weaning supplemented animals are not 
distinct from either group.  
In order to ascertain the metabolites involved in discrimination of the three groups, pair-wise 
supervised O-PLS-DA models were subsequently constructed.  There was no statistical 
separation between the control group and the group supplemented with probiotics post-
weaning.  Statistically significant results were obtained by comparing the control animals 
with those supplemented with probiotics pre and post-weaning (Figure 5.4). 
 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 219 
 
Figure 5.4: O-PLS-DA plot derived from 600 MHz 1H NMR spectra of urine showing the metabolic variation due to 
pre-weaning supplementation of B. lactis.  
A: Scores (T) are plotted against cross-validated scores (Tcv); metabolites labeled in the loadings plot (B) have a correlation 
coefficient of >0.67, determined by the Pearson Product-Moment coefficient as being significant at the 95% confidence 
interval.  The spectral variables were scaled to the unit variance and the model was constructed with one orthogonal and one 
predictive component (Q2Y: 0.51; R2Y:0. 94; R2X: 0.33).  Key: (  = Control animals,  = Animals supplemented with 
probiotic pre-weaning). 
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Phenylacetylglycine is the only metabolite displaying statistical significance in this model 
and is reduced in the animals supplemented with B. lactis.  This was confirmed by integrating 
a region of the spectral profile of PAG and using univariate statistics to confirm the reduction 
in the pre-weaning probiotic supplemented group, summarised by Figure 5.5. 
 
Figure 5.5: Box plot of the relative intensity of the PAG integral. 
Asterisk (*) denotes significance at the 95% confidence interval as determined using a two-tailed students t-test.  
5.5.2.1 Phenylacetylglycine and p-cresol glucuronide excretion is strongly 
correlated 
The correlation between phenylacetylglycine and p-cresol glucuronide was assessed in all the 
animals in this experiment and found to be high (r2=0.91) as observed in the previous 
experiment (Figure 5.6).  
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Figure 5.6: Figure illustrating the relationship between integrated values of urinary phenylacetylglycine and p-cresol 
glucuronide.  
 = Soya-fed animals; =Egg-fed Control animals; =Egg-fed post-weaning probiotic supplemented animals; =Egg-
fed pre-weaning probiotic supplemented animals.    
As p-cresol has been identified as having a growth depressing effect in young pigs, the 
relative excretion of this metabolite was compared with the weight of the animals; however, 
no statistically significant associations were detected.  
 
5.5.3 Evaluation of Gender, Litter and Batch Effects on the Urinary Metabolite 
Profile 
No statistically significant differences were attributable to gender or litter in this experiment.  
However, as this experiment was run in two separate batches (conducted at different times of 
the year) an evaluation of this effect was conducted.  A PCA scores plot (Figure 5.7) of all 
the diet groups coded by group and batch clearly shows inter-batch grouping displayed by 
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both control groups and the post-weaning probiotic supplemented group.  Based on the first 3 
PCs the animals that received probiotics throughout the duration of the experiment did not 
display an observable batch effect by PCA.  
 
Figure 5.7: 3-Dimensional PCA scores plot to illustrate inter-batch variability in the urinary metabolic profile.   
Filled shapes represent batch 1 and empty shapes batch 2;  = Soya-fed animals; =Egg-fed Control animals; =Egg-fed 
post-weaning probiotic supplemented animals; =Egg-fed pre-weaning probiotic supplemented animals.  An ellipse of the 
corresponding colour illustrates each batch.  
5.5.3.1 Supervised evaluation of the metabolic origin of the batch effect 
To ascertain if there is a common difference attributable to batch in the three groups (soya 
control, egg control and egg-post weaning probiotics) displaying a batch effect, a pair-wise 
model with an orthogonal filtration step to remove the effect of dietary intervention was 
constructed comparing the separate batches for all of these three groups (Figure 5.8). 
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Figure 5.8: O-PLS-DA plot derived from 600 MHz 1H NMR urine spectra showing the metabolic variation due to 
batch for the animals in the control and post-weaning probiotic supplemented groups.  
A: Scores (T) are plotted against cross-validated scores (Tcv), Metabolites labeled in the loadings plot (B) have a correlation 
coefficient of >0.67, determined by the Pearson Product-Moment coefficient as being significant at the 95% confidence 
interval.  Spectral variables were scaled to the unit variance and the model was constructed with one orthogonal and one 
predictive component (Q2Y: 0.81; R2Y:0.91; R2X: 0.19).  Key: ( = Batch 1,  = Batch 2).  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The batch effect was primarily caused by an increased excretion of mannitol, TMAO, 
alanine, acetone, acetate and 3-hydroxyisovalerate in the later experimental batch 
(November). 
 
5.6 Discussion 
5.6.1 Dietary Differences on the Urinary Metabolite Profile 
Allantoin, a uric acid metabolite, and taurine excretion were relatively increased in the soya-
fed animals.  Allantoin is an endogenous metabolite observed in germ-free rats (Nicholls et 
al, 2003).  However, these two metabolites were observed to decrease in mice treated with 
antibiotics (Romick-Rosendale et al, 2009) indicating the potential for microbial modulation 
of excretion.  The relative increase in p-cresol glucuronide and PAG excretion in the egg-fed 
animals implies a diet-induced alteration of gut microbial activity or ecology, as these 
metabolites are known end products of proteolytic fermentation in the distal gut (Smith et al, 
1996; Yokoyama et al, 1982).  However, in this experiment their differential excretion may 
be due to different amino acid content in the two protein sources.  
2-hydroxyisobutyrate, isobutyrate and 3-hydroxyisovalerate are all short-chain fatty acids 
(SCFAs) and are associated with carbohydrate and protein fermentation by the gut bacteria 
(Cummings et al, 1987; Macfarlane et al, 1992).  The diets differ only by the protein 
composition, the carbohydrate composition is equivalent and thus differential end products of 
fermentation by the microbiota may indicate a diet induced ecological or functional change in 
the microbiome or different dietary precursors derived from protein catabolism.  Differential 
excretion patterns of 3-hydroxyisovalerate and 3-methylcrotonylglycine are also of interest as 
these are putative markers of biotin deficiency (Mock et al, 2004); biotin is synthesised in 
part by the microbiome (Hill, 1997) as well as being derived from dietary protein.  
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Importantly, the soya-fed animals do not excrete equol or any other isoflavone metabolites; 
the soya isoflavone daidzein is metabolised by the microbiota to equol in 30-50% of the 
human population (Frankenfeld et al, 2005) and pigs are known to have a high similarity to 
women with respect to their metabolism of soya isoflavones (Gu et al, 2006).  The lack of 
NMR detectable isoflavone metabolites could indicate that they are not excreted in sufficient 
quantities for detection by this analytical method.  Additionally, the absence of equol may be 
due to the high-hygiene conditions and the bacterial composition may not be sufficiently 
diverse to contain equol-producing bacteria. 
 
5.6.2 Pre and Post-Weaning Bifidobacterium lactis Supplementation 
Phenylacetylglycine is the only metabolite that significantly differs between the control egg-
fed and the pre-weaning probiotic supplemented egg-fed animals.  This implies that the 
probiotic is influencing the microbial ecosystem.  Although it is not significant, p-cresol 
glucuronide is excreted in tandem with PAG and is also weakly correlated with the model.  p-
Cresol is generally considered to be a harmful chemical produced by the microbiota.  P-
cresol is toxic in large quantities (Schepers et al, 2007), lower p-cresol levels are correlated 
with lower mortality in uremic syndrome (Bammers 2006), a model of pancreatitis in male 
rats shows an increase in p-cresol glucuronide and sulphate excretion (Bohus et al, 2008) and  
hamsters with Schistosomiasis excrete increased levels of p-cresol glucuronide (Wang et al, 
2006).  Thus, its concomitant decrease along with PAG in animals supplemented with B. 
lactis pre-weaning implies a potentially beneficial effect of supplementation with this 
microorganism.  Additionally, p-cresol has a growth depressing effect on young pigs.  
Therefore a reduced production of this compound associated with pre-weaning 
administration of B. lactis could indicate this as a potential mechanism for increased weight 
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gain in these animals (Yokoyama et al, 1982); however, no significant differences were 
observed between the weight of the 4 groups.   
 
5.6.3 Batch Effects  
The observation of a strong batch effect is possibly expected if the experimental conditions 
are taken into consideration; other than 24 hours of colostrum received immediately after 
birth, the animals are immediately taken from the sow and placed in isolator cages.  Although 
they are kept under specific pathogen free conditions (SPF), they are still able to acquire their 
commensal microbiota from their surroundings.  One batch of this experiment was conducted 
in September and the other in November; the external temperature likely had an effect on the 
commensal bacteria the animal handlers introduced into the isolator and may even have a 
direct effect on the metabolism of the animals even though they were kept under heat lamps 
to standardise their temperature.  The variation in excretion of the short chain fatty acids 
(SCFAs) 3-hydroxyisovalerate and acetate due to batch indicates that this batch effect may be 
in part due to differential microbial activity or colonisation.  Additionally, as mentioned, 3-
hydroxyisovalerate may be a marker of biotin deficiency and therefore this model of batch 
difference, which filtered out the effects of diet, indicates that microbial production of this 
vitamin may be affected by batch. The variation in excretion of acetone may be consistent 
with this observation or could be due to differential energy expenditure between the two 
groups, and increased excretion of alanine in the later batch would confirm this.   
 
Mannitol is not produced endogenously or by the microbiota and therefore must be derived 
from the diet.  Differential excretion of mannitol may be of interest as the diets were 
consistent in each batch.  Mannitol is a polyol readily fermented by the colonic microbiota 
and is typically measured in urine as a marker of intestinal permeability.  Its increased 
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excretion in one experimental batch therefore indicates that animals in that batch may have 
had greater small intestinal permeability.  
 
The observation that the animals that received pre-weaning B. lactis supplementation 
appeared to be refractory to this batch effect is of interest when considering the potential 
utility of probiotic supplementation and should be investigated further. 
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6 General Discussion and Concluding Remarks 
6.1 Summary of Findings 
i) Multi-compartmental characterisation of the basal porcine metabolome by nuclear 
magnetic resonance (NMR) spectroscopy  
Extensive cross-compartmental assignment was conducted using a combination of 2-
dimensional NMR spectroscopic techniques.  Urine was found to provide the most different 
metabolic profile of the compartments investigated and was also the most metabolite dense 
with respect to compounds associated with microbiotal metabolism.  Species differences in 
the phase II metabolism of end products of dissimilatory amino acid metabolism in the pig in 
relation to rodents and man were observed, which is of interest when considering the 
translatability of metabonomics in animal experiments. 
ii) The Effect of Weaning Diet on the Action of Bifidobacterium lactis in the Pig: A 
Systems Biology Perspective 
Multivariate data analysis on hepatic and urinary metabolite profiles indicated that the initial 
weaning diet of the pig induced sustainable metabolic signatures, which included a number 
of mammalian-microbial co-metabolites.  The metabolic response to B. lactis intervention 
differed depending on the initial weaning diet and both the probiotic and the weaning diet 
affected the inter-relationship of gut microbial co-metabolites on an individual metabolite 
level.  These results suggest that weaning diet sustainably reprograms the microbial 
ecosystem, which can impact the metabolic response to probiotic supplementation.  
 
The mucosal immunological profile also displayed a sustained response to the effects of the 
initial weaning diet, but exhibited a greater response to the probiotic supplementation than 
the metabolite profile.  Importantly, in the same manner as the urinary metabolite data, the 
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immunoglobulin profile exhibited a differential response to the probiotic depending on the 
initial weaning diet.  
 
Statistical methods were developed for integrating mucosal immunological data to urinary 
metabolic profiles to create a new analytical framework from which to visualise the elaborate 
immuno-metabolic interface.  Immunologic and metabolic data were statistically integrated 
to provide information regarding the applicability of using metabonomics-based approaches 
for the assessment of immunological responses to nutritional interventions. 
 
iii) Pre and post-weaning effects of nutritional intervention in the isolator reared piglet 
Weaning diet induced significant (Q2Y=0.81) alterations in the urinary metabolic phenotype 
of the piglet.  Differences included alterations in the excretion of the gut-microbial associated 
metabolites p-cresol glucuronide, phenylacetylglycine and several short chain fatty acids 
along with differential excretion of taurine, allantoin and betaine.  These differences may be 
reflective of altered dietary bioavailability of amino acids and carbohydrates, which may in 
turn influence intestinal microbial ecology. 
 
In the isolator-reared piglets, B. lactis supplementation from 24 h post-partum resulted in 
reduced urinary excretion of phenylacetylglycine at 5 weeks of age.  This could indicate a 
modulation in the microbial ecosystem composition or functionality, and the observation that 
post-weaning administration of the probiotic doesn’t affect the urinary metabotype could 
indicate that the time at which the probiotic intervention is administered as well as the 
longevity of supplementation could influence the metabolic effect of B. lactis 
supplementation.   
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This experiment was conducted in two separate batches at different times of the year, which 
affected the urinary metabotype.  Importantly, excretion of mannitol was altered between 
batches.  This is a dietary polyol too large to cross biological membranes and is readily 
fermented by the colonic microbiota; its increased levels in urine may indicate a discrepancy 
in small intestinal permeability in one of the experimental batches.  The observation that the 
animals supplemented with B. lactis 24 h post-partum are somewhat refractory to this batch 
effect may be of interest and further reinforces the idea that B. lactis may have 
‘normalisation’ properties in periods of superorganismal stress.  
6.2 Critical Appraisal of Methods 
6.2.1 Nuclear Magnetic Resonance Spectroscopy 
6.2.1.1 Solid state NMR 
Hepatic triglycerides have been observed to decrease over time in the Magic Angle Spinning 
(MAS) rotor (Bollard et al, 2000) possibly due to enzymatic activity, autolysis or 
sequestration by cellular macromolecular structures; resolution of the H1C of glycogen 
seems to increase over time suggesting an increase in the T2 relaxation time (Martinez-
Granados et al, 2006) and glycine and glucose are found to increase over time suggesting that 
the length of time spent in the MAS rotor will affect gross metabolite concentrations.  The 
spectral acquisition time can be variable for MAS samples; due to the angle of the sample 
insert, there is no automated shimming function on the spectrometers and consequently each 
sample must be shimmed manually.  This takes a variable length of time depending on the 
sample; this difference in acquisition time may lead to minor fluctuations in the 
concentrations of metabolites and thus decrease the validity of the findings from the tissue 
analysis.  Two-dimensional spectra require a long spectral acquisition time and these 
observations could lead to difficulty in assigning some of the molecules more prone to 
degradation in the rotor.  This could potentially be resolved by taking multiple sections from 
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each sample although this would dramatically increase the time required to analyse the 
samples.  Alternatively, the tissues could be extracted into an aqueous and/or organic phase.  
The disadvantages of this is that much more sample pre-treatment is necessary compared to 
MAS where the ‘real-time’ composition of the sample in its intact state can be assessed 
although there is a concomitant loss of mobility and dynamic information.   
 
6.2.1.2 Assignment of NMR resonances 
Even with substantial tools including several online databases and NMR prediction programs 
which are available to facilitate structural elucidation, assignment of all the compounds in 
complex biofluids is still a major bottle-neck in the analytical strategy of metabonomics and 
many compounds remain unidentified due to low sample abundance, extensive peak overlap, 
or lack of database characterisation.  Assignment of NMR resonances is a very time-
consuming activity; the variability between spectral databases and due to differences in 
spectral acquisition parameters and sample preparation means that there is no unified way to 
make this process more efficient at present.  The inability to assign compounds prevents the 
elucidation of potentially biologically significant changes in the system and is therefore an 
issue that needs to be dealt with as a matter of importance. 
 
6.2.1.3 NMR-based analysis of biofluids as a diagnostic tool 
Conventional approaches to metabolite identification involve elaborate sample preparation 
techniques, multiple procedures and fractionation which can all induce artefacts (Fan, 1996).  
1H NMR is more efficient at detecting renal injury in an isolated perfused pig kidney model 
than conventional methods (Hauet et al, 2000) and NMR of human plasma is able to 
diagnose Parkinson’s disease with ~97% accuracy, which is greater than the current 
diagnostic technique (Ahmed et al, 2009). The potential utility of NMR in the ‘clinic’ is its 
potential use by persons of no special laboratory training.  Minimal sample preparation 
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minimises the chances of introducing experimental bias and the capability of multinuclear 
NMR allows a vast range of organic compounds to be profiled simultaneously.  In NMR the 
range of compounds detectable is not limited by volatility or polarity, only by concentration 
and possession of spin-active nuclei (Fan, 1996).  NMR is non-destructive, this means that a 
sample can be analysed by NMR in the 1st instance then be subject to further, conventional 
examination, and indeed this is a sensible route to begin validating the utility, sensitivity and 
robustness of NMR as a diagnostic tool in the lab or clinic. 
 
Variation in metabolic profiles is always characterised by a number of metabolites, and while 
urinary metabolic ‘snapshots’ display an excellent predictive power for classifying 
individuals (Makinen et al, 2008), it is still problematic to think in terms of multiple markers 
given the current ‘biomarker-mania’ in the scientific community.  In fact, part of the 
individual metabolic ‘fingerprint’ is coded in ratios and levels rather than presence or 
absence of metabolites (Bernini et al, 2009), and this is also likely to be the case, as found in 
this thesis, when a system is challenged with a ‘subtle’ intervention such as nutritional 
modulation.  The challenge in interpretation lies not in identifying biomarkers, rather in 
distinguishing the pattern of inter-relatedness of susceptible metabolites and identifying 
correctly the ‘healthy’ direction of variation.  Serum and plasma are under tight homeostatic 
control and thus changes which are seen are likely to be subtle, whereas urine appears to be 
composed of metabolites of dietary and extra-genomic origin and thus is likely to be the most 
useful biofluid available for collection of information regarding nutritional interventions.  
Faecal extracts may also be of use.  However, material in the faecal cylinder reflect products 
of microbial metabolism that haven’t been absorbed by the host.  The presence of large 
quantities of these metabolites in the faeces doesn’t necessarily equate to an overabundance 
in more proximal regions of the GI tract; allocthonous (‘passing through’) bacteria may 
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produce compounds within the faecal cylinder for their own purposes of ‘cross-feeding’ and 
therefore this biological matrix may not represent availability for host absorption. 
Autocthonous (‘resident’) bacteria are generally in contact with the host and therefore more 
relevant to study as the host directly absorbs the majority of compounds produced by these 
organisms.  The disadvantage of not collecting faeces is that much information regarding the 
potential bioavailability of SCFAs is not available.  SCFAs have been shown to stimulate 
free fatty acid receptors thereby influencing motility, IR and satiety (Al-Lahham et al, 2010; 
Sleeth et al, 2010) and thus may be an important parameter to measure when considering the 
systemic impact of nutritional interventions. 
 
6.2.2 Multivariate Data Analysis 
“The essence of life is statistical improbability on a colossal scale.” 
Richard Dawkins 
 
It is always necessary to remember that ‘correlation does not imply causation’.  The 
foundation of projection based methods as used in this thesis relies on the assumption that the 
variation in the system is driven by a small number of latent variables (Kvalheim, 1992).  
While this is assumed to be correct, the applicability of using linear statistical approaches on 
biological data, which is fundamentally non-linear, is debatable.  The issue has begun to be 
resolved with the use of self-organised maps (SOM), applied to NMR data to extract spectral 
features relating to a diabetic framework (Makinen et al, 2008) but the disadvantage of non-
linear techniques is that many parameters need optimisation so they are subject to user bias 
and over-fitting thus decreasing the robustness of the model.  Generally they and all 
multivariate methods require a large sample size, which is not always attainable due to cost 
and logistical restrictions.  
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In attempting to obtain statistical significance and not getting carried away by spurious 
correlations, there is an inherent danger of ‘throwing the baby out with the bathwater’, 
especially with respect to nutritional interventions, which, from a systemic perspective are 
liable to be ‘subtle’. 
 
In terms of metabonomics, and in fact, all ‘omics’ strategies, the huge number of variables 
likely to be produced in experiments are subject to much statistical debate over the 
appropriate size of ‘n’ with respect to statistical power.  Yet it has been remarked on 
numerous occasions that even under identical husbandry conditions and with identical 
genetic backgrounds, metabolic phenotypes are subject to significant inter-individual 
variation.  The sub-classification or stratification of these metabolic phenotypes looks likely 
to be absolutely necessary in order to predict responses to stimuli, yet stratification 
necessarily implies a reduction of n and therefore counteracts conventional statistical 
wisdom.  The way forward is the adaptation of statistical methods to suit these considerations 
in order to cope with low powered studies, if personalised healthcare is ever to be realised.  
In my opinion, it is of infinitely more use to have a complete set of longitudinal data from 
one individual, than readings from one metric at one time point from 50 genetically identical 
but metabolically different individuals.     
6.3 Nutritional Intervention in the Weaning Pig 
6.3.1 Direct and Indirect Effects of Weaning Diet 
The urinary metabotype of the weaning pig was profoundly altered in response to nutritional 
intervention in the studies examined in this thesis.  Urine was found to be the compartment 
with the most information regarding gut microbial co-metabolism and as such has been a 
primary focus of this work.  There were two experiments reported, the 1st being a dietary 
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washout study where the initial weaning diet was shown to confer a lasting metabolic effect 
on the host and the 2nd being the isolator study where only pre-weaning B. lactis 
supplementation impacted the urinary metabotype of the host.  These two experiments had 
some similarity of design, and while they cannot be statistically compared due to the different 
age and housing conditions of the animals, comparing the results in terms of the immediate 
and lasting response to egg and soya diet feeding brings to light a potentially significant trend 
based on the consistency of response across the two experiments.  The animals fed an egg-
based diet excrete more p-cresol glucuronide, PAG and betaine than the soya fed animals in 
the 2nd experiment, an effect that persisted in the animals that underwent a dietary washout in 
the 1st experiment.  The animals on an egg-based diet in the 2nd experiment excreted other 
metabolites compared to the soya fed animals including several SCFAs such as isobutyrate 
and 3-hydroxyisovalerate, which may be directly attributed to diet or microbiota.  The 
animals fed a fish-based dietary washout exhibit a different metabolite excretion profile, 
which may be partially due to diet and partially due to contributions from the microbiome.  
These observations confirm the assumption that urine is a suitable biofluid for examining the 
systemic response to nutritional intervention.  In the animals which underwent a dietary 
washout step, many other metabolites, notably some associated with gut microbial co-
metabolism such as hippurate, indoleacetylglycine and the methylamines were altered 
between the two starter diets which is likely to reflect different dietary intake (notably fish is 
implicated in increased excretion of methylamines (Lundstrom and Racicot, 1983; Singer and 
Lijinsky, 1976)) and different microbial functionality between the animals which received 
different starter diets.    
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6.3.2 Metabolic Reprogramming in the Pig 
Guilloteau et al have proposed the piglet as a suitable model for conducting research into 
nutritional programming (Guilloteau et al, 2010).  The concept of programming rests on the 
idea that there are critical stages of development during which an environmental change has 
the ability to ‘reset’ developmental pathways (de Moura et al, 2008).  These ‘programming’ 
episodes, which can also occur in utero, are known to influence the development of disorders 
such as type II diabetes, hypertension and cardiovascular disease (Barker, 1995).  Effects of 
an early-life programming event have also been shown in the ‘pup in a cup’ rat model to 
induce heritable changes.  The rats were suckled onto ‘high’ carbohydrate milk which 
induced hyperinsulinemia after 24 hours and led to obesity later in life; their offspring 
developed hyperinsulinemia at weaning and became obese without any additional 
intervention (Patel and Srinivasan, 2002).  These findings emphasise the importance of 
understanding the mechanisms, longevity and reversibility of these programming episodes.  
The pigs ability to feed itself from birth renders it a suitable model for exploring the 
consequences of nutritional programming and the observation in this thesis that weaning diet 
appears to induce ‘sustainable metabolic reprogramming’ in the pig could reinforce their 
suitability as a model for experiments of this type. 
 
6.3.2.1 Consequences of Bifidobacterium lactis supplementation on the weaning 
pig 
Human milk contains oligosaccharides which have a putative ‘prebiotic’ function for many 
gut bacteria (Marcobal et al, 2010).  This is likely also the case in sows; the microbiotal 
composition of formula-fed and sow-fed piglets is shown to differ (Poroyko et al, 2010) and 
thus the two experiments are not directly comparable as the isolator-reared pigs in 2nd 
experiment were formula-fed and kept in ‘high-hygiene’ conditions whereas the 1st 
experiment used pigs which were on the sow for three weeks prior to weaning.   
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The consequences of B. lactis supplementation on these animals appears to be dependent on 
the initial weaning diet in the first experiment and therefore may be indicative of the extant 
microbial population affecting not only the metabolic but also the immunologic response to 
this intervention.  Administration of B. lactis pre-weaning in the 2nd experiment appears to 
have a greater impact on the system than post-weaning administration.  The animals in this 
experiment were formula-fed from birth and so can be thought to partially resemble formula-
fed infants.  The decreased excretion of PAG in the animals fed probiotic from 24h post-
partum could potentially imply a favourable impact of the probiotic on the microbial 
ecosystem and this needs to be investigated further.  Additionally, there is a potential 
reduction of stress in the B. lactis supplemented animals during the initial response phase of 
the 1st experiment as evidenced by the reduction in serum lactate.  This could be extremely 
important; epithelia under stress perceive commensal bacteria as a threat resulting in a loss of 
barrier function allowing increased penetration of bacteria to the mucosa and increased 
cytokine synthesis (Nazli et al, 2004) and the dose of Clostridium perfringens needed to 
cause infection is decreased by four logs in the presence of adrenaline. Noradrenaline 
increases the virulence related factors in enteroheamorrhagic E.coli, increases the adherence 
of E.coli 0157:H7 to the mucosa and concomitantly decreases the population of enteric 
Lactobacilli (Lyte, 2004). 
 
These experiments indicate that B. lactis supplementation mainly displays a systemically 
detectable effect when the system is under considerable stress.  The effect was discernable in 
serum 7d post-weaning in the 1st experiment and was still detectable in the urine 4 weeks 
after a dietary intervention.  In the 2nd experiment, directly after birth is likely to be a time of 
considerable import in the establishment of the intestinal microbiota and the observation that 
only pre-weaning administration of B. lactis has the ability to affect the system implies that 
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supplementation of this probiotic in periods of ‘stress’ may induce an effect whereas 
introduction into a stable system has less of an impact.   This observation indicates that, in 
the 1st experiment, the diet switch to a fish-based diet may represent an immunological or 
microbiotal ‘stressor’ and that the likelihood of a diet induced rearrangement of the gut 
microbiotal ecology renders the animals more amenable to probiotic intervention.  
6.3.2.2 The challenges of defining a ‘healthy’ metabolic phenotype 
The World Health Organisation defines health as: “a state of complete physical, mental and 
social well-being and not merely the absence of disease or infirmity.” As such, the likelihood 
of any animal models representing a “healthy” phenotype is minimal.  The classification of a 
“normal” metabolic phenotype or microbiome is similarly complex and open to 
misinterpretation.  Much is known about some compounds of gut microbial origin, yet the 
actual impact of these metabolites on the host remains to be elucidated.  Often, metabolites 
that are harmful to the host are also harmful to pathogenic bacteria so cannot be considered 
as related to dysbiosis and may rather be due to commensal bacteria “protecting” their 
ecological niche.   Indigenous microbiota have many ways of preventing pathogenic 
attachment, including production of volatile fatty acids (VFAs) and chemical modification of 
bile acids which create an environment unfavourable for growth of enteric pathogens (Lu et 
al, 2001).  Indole is an important molecule in bacterial signalling systems and is produced by 
many bacteria from dietary tryptophan; distinct subsets of enteric bacteria are able to convert 
indole to indole-3-propionate, a powerful antioxidant which has been implicated as a possible 
treatment for Alzheimer’s Disease (Wikoff et al, 2009), yet endothelial proliferation and 
wound repair is inhibited by p-cresol and indoxylsulphate in a dose-dependent manner (Dou 
et al, 2004).  P-cresol sulphate has a pro-inflammatory effect on unstimulated leucocytes 
(Schepers et al, 2007) and has also been shown in vitro to inhibit cytokine stimulated 
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expression of endothelial adhesion molecules inter-cellular adhesion molecule-1 (ICAM-1) 
and vascular cellular adhesion molecule-1 (VCAM-1) at high doses (Dou et al, 2002).  It 
decreases transendothelial migration of monocytes and has an inhibitory effect on chemokine 
expression (Faure et al, 2006).  It also decreases intracellular glutathione concentration in rats 
liver (Thompson et al, 1994) and inhibits stimulated monocyte adhesion to endothelial cells; 
in uremic patients this causes toxicity (Dou et al, 2002) but in healthy individuals may be a 
co-evolved mechanism of tolerogenic ‘dampening’ of immune response.  It is a metabolite 
predominantly associated in the literature with Clostridial species of bacteria, and C. difficile 
has shown remarkable tolerance for p-cresol (Hafiz and Oakley, 1976).  However, 
Bifidobacteria, Lactobacilli and Bacteroides species have all been found to produce it (Smith 
et al, 1996) and indeed, the genes encoding p-cresol metabolism and tolerance may be 
transferrable via genomic islands (Dawson et al, 2008; Juhas et al, 2009). 
 
6.3.1 Diverse Effects of the Microbiome on the Impact of Nutritional 
Interventions 
Throughout this thesis, reference has been made to the suspected alterations in gut microbial 
composition; however, these findings need confirmation with bacterial sequencing 
techniques.  Sequencing of the faecal microbiota may not accurately reflect the complexity of 
the system and this is partially due to difficulties in sampling techniques.  Luminal samples 
are potentially more relevant to study than faecal material (Cani et al, 2008).  However, the 
site specificity of bacteria renders the utility of such sampling under considerable site bias.  
Presence of a given bacterial species does not provide information about activity and one of 
the reasons metabonomics of biofluids is of use to characterise mammalian-microbial 
interactions is that the net effect of an intervention on the entire system can be captured. 
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6.3.1.1 Characterising the microbiome 
Multiple efforts are underway globally to characterise the ‘metagenome’ (Gill et al, 2006; 
Group et al, 2009; Qin et al, 2010) with varying degrees of success. The majority of work 
regarding the human metagenome is being conducted on faecal samples, which are of 
questionable relevance to the functionality of the bacterial ecosystem as a whole.  
Furthermore, bacterial species readily share genetic information, with far less fidelity than 
most mammalian species, via horizontal gene transfer - especially in the human gut which 
has been identified as a ‘hot spot’ of genetic transposition (Kurokawa et al, 2007).  Recently, 
Gordon’s group have shown that, while a given group of individuals under similar conditions 
may share a core ‘microbiome’ (Turnbaugh et al, 2009), even monozygotic twins have a 
unique complement of indigenous phage, the ‘virome’ (Reyes et al, 2010).  This research has 
found that, at least in faeces, ‘commensal’ bacteriophage (bacterial viruses) tends to favour a 
lysogenic life cycle where viral DNA inserts into the host genome creating a ‘prophage’.  
Dependent on the location of the insert, it may cause a transition from commensal to 
pathogen (or vice versa), may abolish the metabolic capabilities of a cell or may facilitate 
genetic transduction of bacterial genes by the phage.  The complement of bacteriophage 
resident in the gut is an area only recently being tackled and adds yet another layer of 
complexity to the challenge of characterising the microbial ecosystem.  In addition, archael 
species such as Methanobrevii smitii (M. smithii) have been established as ‘major players’ in 
the distal gut ecosystem (Eckburg et al, 2005).  These methanogenic microbes are a crucial 
determinant in carbohydrate utilisation by bacteria, and have the ability to make B. theta 
focus on dietary fructans as an energy source in gnotobiotic experiments.  B. theta and M. 
smithii combined increase adiposity compared to B. theta alone or in combination with a 
sulphate reducing bacteria (Samuel et al, 2006).  These archael species are suspected to be 
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present in 50-85% of the population but DNA extraction protocols used prior to sequencing 
may affect the recovery of archael DNA (Salonen et al, 2010).   
Additionally, bacteria are known to form biofilms (an aggregate ‘community’ of multiple 
bacterial types adherent to each other or a surface) and function differently in this ‘society’ 
than their planktonic counterparts, much the same as animals and humans behaving 
differently or cooperatively as part of a community, and thus the utility of microbial 
characterisation by simply asking: ‘who’s there?’ may be of limited value.   
 
In order to ascertain an idea about the function and metabolic capabilities of the microbiome 
in vivo, non-invasively, biochemical parameters such as production of microbial metabolites 
can be measured and one of the best available methods at present to do this is the use of 
biofluid-based metabonomics.  
 
The effect of the gut microbiota is immense; there is no doubt that diet can influence at least 
the activity of this multifaceted ‘organ’, but studies are beginning to hint that this ‘organ’ is 
more in control of diet than might be suspected.   Secretion of leptin, a hormone involved in 
satiety, increases on colonisation of axenic animals (Backhed et al, 2004), and SCFAs, 
produced by microbial fermentation of dietary carbohydrate,  are suspected to modulate 
satiety mechanisms (Sleeth et al, 2010).  It may also be of interest that the Pareto principle is 
applicable to microbial ecology, whereby 20% of the species have 80% of the energy-flux 
(Wittebolle et al, 2008).  Therefore, again, knowledge of bacterial composition may not be 
directly relevant to the end-points of their metabolic processes. 
 
When considering mechanisms behind tolerance, a poorly characterised but extremely 
important consideration is the host mucus layer; it is suspected that, other than at the Peyer’s 
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patches, the microbiota is not directly in contact with the epithelia; rather, it tethers itself to 
the mucus layer (T.Macdonald, personal communication).  Sonnenburg et al have shown in 
gnotobiotic mice that microbiota in animals fed on a monosaccharide rich diet resembling a 
western diet will instead switch to utilising the host glycan layer as their preferred energy 
source (Sonnenburg et al, 2005).  This could have implications for tolerogenic mechanisms.  
If the glycan layer is thus degraded then bacteria may be in closer contact with the mucosal 
epithelium and thus potentially more able to elicit an immune response.  Secretory IgA has 
been implicated in this relationship between the glycan layer and the microbiota and 
probiotic modulation of IgA secretion could therefore directly change the association of 
luminal microbes with the mucus layer (Shroff et al, 1995). 
All of these observations fit with the ‘hologenome’ theory of evolution where a ‘holobiont’ 
comprising the sum total of the genetic information of host and the microbiome, operates as a 
unit of selection in evolution (Zilber-Rosenberg and Rosenberg, 2008).  This theory 
potentially renders the use of axenic and gnotobiotic animals redundant as they cannot be 
considered to be evolutionarily ‘normal’. 
 
6.3.1.2 Surrogate Biomarkers of Extra-Genomic Modulation 
P-cresol is a gut microbial metabolite of tyrosine and may be of considerable interest as a 
potential biomarker for dysbiosis.  An increase in dietary protein increases bacterial p-cresol 
production (Geypens et al, 1997).  If there is no increase in substrate but an increase in p-
cresol excretion, as evidenced in the 1st experiment, it could indicate a modulation in gut 
microbial ecology and has the potential to indicate that p-cresol producers are in a hostile 
environment, as it is a bacteriostatic agent.  This potential for a ‘warfare’ state in the bacterial 
community could in turn impact the bioavailability of tyrosine available for host metabolic 
processes including manufacture of neurotransmitters such as dopamine and epinephrine. 
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Phenol and p-cresol urinary excretion decreases when humans are shifted from a western to a 
vegan diet (Ling and Hanninen, 1992), phenols and indoles are implicated in schizophrenia 
(Dalgliesh et al, 1958; Nakoa, 1960) and are believed to act as co-carcinogens (Bone et al, 
1976).  These observations, along with results obtained in the experiments in this thesis, lead 
to the thought that p-cresol could be a candidate biomarker for perturbation of the microbial 
ecosystem.  A study to determine the correlation of p-cresol production and inflammatory 
parameters would go some way to confirming this suspicion. 
 
6.3.2 Probiotics 
Due to the observed effect of probiotics on ‘perturbed’ systems, in my opinion there are only 
four periods where probiotic administration alone is likely to have an impact on the gut 
microbial ecology and hence the immunological status of an individual: at birth, at weaning, 
during antibiotic therapy and in times of stress.   
At birth, initial bacterial colonisation may have long lasting effects; colonisation is strain-
specific and also dependent on co-colonisation of species and thus is an extremely complex 
system to manipulate externally (Isolauri et al, 2004).  Bifidobacteria spp. represent 60-90% 
of microbiota in healthy infants during breast feeding and therefore this appears to be an 
organism worth pursuing for probiotic purposes (Kalliomaki et al, 2008).  This species can 
also potentially be manipulated indirectly with prebiotic substrates to reduce the potential 
risk of administering live organisms into neonates.      
During weaning in farm animals, historically, antibiotics have been used to increase the 
weight gain of the animals.  Amazingly, the mechanisms behind this remain elusive, but it is 
suspected to be due to a beneficial shift in intestinal bacterial metabolism (Yokoyama et al, 
1982).  In order to significantly alter an established ecosystem, it may be necessary to co-
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administer probiotics with an antibiotic or to produce probiotic mixtures that act both as 
bacteriostatic agents and probiotics.  
 
6.3.3 Inter-Species Translatability of Metabonomics 
It was observed in this work that not only are there species differences in the phase II 
conjugation of certain microbial metabolites, but also that there are discrepancies across 
species in terms of the quantities of microbial metabolites produced.  If man, pig and mouse 
are taken as three exemplary organisms, the size difference alone could account for these 
discrepancies.  The pig is known to produce vast quantities of p-cresol (Spoelstra, 1978; 
Yokoyama et al, 1982) and in fact, p-cresol glucuronide is the causative agent of the 
phenomenon known as ‘pig odour’ and the primary reason piggeries are not a desirable 
neighbouring establishment for most people.  This could be the reason behind the 
evolutionary ‘loss’ of the ability to sulphate p-cresol (Williams, 1978); given that p-cresol 
sulphate has been found to have extremely detrimental characteristics in large quantities 
(Schepers et al, 2007) including but not limited to inducing proliferation of leucocytes and 
inducing free radical formation from such cells in humans. 
 Observations such as this imply that absolute quantities of metabolites, especially those of 
putative gut microbial origin, are not likely to be directly transferable across species.  It may 
be, rather, that excretion patterns and ratiometric changes are liable to be the most useful 
measures to translate across the species divide.   
 
Species differences due to dietary intake are also known to occur with regard to protein, lipid 
and carbohydrate metabolism.  This implies that perhaps a ‘translational database’ should be 
compiled, bringing together all known species differences in response to nutritional 
intervention in order for useful, translatable studies to be designed and interpreted.  
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6.3.4 Pigs as Models for Metabonomics Research 
The use of the pig in collaborative multi ‘omics’ approaches could significantly increase our 
understanding of basic physiology and microbial-mammalian interactions in response to 
nutritional interventions, which are at best poorly understood at present.  That said there are 
numerous factors to take into consideration when considering the use of pigs for this type of 
research.  Ideally, to fully assess the longevity and magnitude of response to an intervention, 
longitudinal urine and serum sampling would be conducted throughout the duration of an 
experiment.  Logistically however, this can be difficult to do; bleeding pigs’ causes them 
stress, collecting urine samples from a pen of pigs is only realistic for a small sample size and 
metabolic cages for normal sized pigs would be extremely costly to procure.   
In terms of their suitability to looking at dietary interventions around weaning, the pig, from 
birth to 3-6 weeks will increase its weight by ~1000%, compared to humans who will 
increase their weight by ~50% (Miller et al, 1987).  They can thus be thought of as an almost 
‘accelerated’ model of weaning, and the variation in metabolic responses to intervention may 
not be as pronounced in human infants.   
 
6.3.5 The Future of Immuno-Metabolic Profiling 
This is a field very much in its infancy and as yet only one dedicated study has attempted to 
correlate immune parameters with metabolic profiling, examining the metabolic correlations 
with cytokine data from animal models of parasite infection (Saric et al, 2010).  There is 
clearly an interest in characterising signatures of immune activation or suppression that can 
be detected in easily obtainable biological fluids such as serum and urine.  Importantly, in the 
current study, associations between the urinary metabotype and intestinal Ig secretion were 
observed in animals without any pre-existing or experimentally induced pathology.  This has 
implications for the ability to monitor the effect of subtle intervention on mucosal health.  
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Examining extreme pathologies or infections will likely return much more information than 
‘subtle’ interventions such as nutritional modulation; however, these models represent a good 
starting point for compiling candidate biomarkers of immuno-metabolic interactions. Hence 
the necessity, at the fundamental level of understanding, to apply a multi-disciplinary 
approach, as concomitant transcriptomic and metagenomic data would allow a much more 
informed idea about the significance of variation in metabolic phenotypes.  Additionally the 
number of animals used in medical research could be significantly reduced if a more 
interdisciplinary approach to experimental design was adopted. 
 
6.4 Perspectives 
“The most important scientific revolutions all include, as their only common feature, the 
dethronement of human arrogance from one pedestal after another of previous convictions 
about our centrality in the cosmos.” 
Stephen Jay Gould  
Essentially, the work conducted during this thesis has attempted to model the complexity of a 
component of a diverse ecosystem (the individual) with a unique, internalised ecosystem (the 
microbiome).  The actions of both are subject to environmental change and are incredibly 
difficult to observe experimentally. Genomic, transcriptomic and metagenomic technologies 
provide us with information akin to knowing the contents of a fridge whereas metabonomics 
provides us with the knowledge of the meal made along with a hint of the ingredients.  The 
integration of many different experimental disciplines is likely to be crucial to really 
understand the relationship of the host, microbiome and diet in relation to pathology.  
Moreover, the extensive ‘individualisation’ of even genetically identical animals has begun 
to be apparent, indeed, inter-individual variability is largely due to rare bacterial phylotypes 
observed on an individual basis (Walker et al, 2010).  Every intestine exerts a unique 
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selection pressure on the resident microbial ecology and this implies that microbes will, to an 
extent, speciate in every individual and thus the concept of ‘personalised medicine’ can be 
thought of as a real possibility. 
 The society within us is one with which we would do well to maintain diplomatic relations.  
There is a necessity to know ones audience before inviting a speaker and this tenet is also 
true when considering potential methods to redress the balance following a dysbiotic event; 
the extant microbial population may, to a large extent, determine the effects of any new 
introduction and thus in vivo multi-disciplinary studies on conventional animals and humans 
is the only way to assess the eventual impact of therapeutic strategies.   
 
This work has explored the possibility of using a minimally invasive technique to monitor 
mucosal health on a relevant animal model and demonstrates that techniques already 
available may go some way to characterising the systemic response to intervention strategies. 
 
 
“For the first half of geological time our ancestors were bacteria. Most creatures still 
are bacteria, and each one of our trillions of cells is a colony of bacteria.” 
Richard Dawkins 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7 Appendix I  
This section contains supplementary information relevant to the assignments made in Chapter 
3: Multi-Compartmental Characterisation of the Porcine Metabolome. 
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Figure 7.1: 800 MHz HR-MAS NMR JRES spectrum showing the aliphatic region (δ0.5-4.5) of pig liver 
Purple region in grey dashed box has been vertically expanded x2 
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Figure 7.2: 800 MHz HR-MAS NMR TOCSY spectrum showing the aliphatic region (δ0.5-4.5) of pig liver. 
 Key: GPC=glycerophosphocholine, lys=lysine, arg=arginine, orn=ornithine. 
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Figure 7.3: 800 MHz HR-MAS NMR TOCSY spectrum showing the aromatic region (δ6-9) of pig liver.   
Key: † Indicates that histidine has been assigned but may be present as either histidine itself or 1 or 3-methylhistidine.  
Definitive identification is not possible due to the high susceptibility of the NMR peaks of this molecule to shift due to 
variable pH.  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Figure 7.4: 800 MHz 2D [1H–13C] HR-MAS HSQC NMR spectrum showing the aliphatic region (δ0.5-4.5) of pig 
liver.   
Key: Lys=lysine; arg=arginine. 
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Figure 7.5: 800 MHz HR-MAS NMR JRES spectrum showing the aliphatic region (δ0.5-4.5) of pig kidney.  
Purple region in grey dashed box has been vertically expanded x2 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 254 
 
Figure 7.6: 800 MHz HR-MAS NMR TOCSY spectrum showing the aliphatic region (δ0.5-4.5) of pig kidney. 
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Figure 7.7: 800 MHz HR-MAS NMR TOCSY spectrum showing the aromatic region (δ6-9) of pig kidney. 
 Key: † Indicates that histidine has been assigned but may be present as either histidine itself or 1 or 3-methylhistidine.  
Definitive identification is not possible due to the high susceptibility of the NMR peaks of this molecule to shift due to 
variable pH.  Region vertically expanded by 2 compared to the aliphatic region (Figure 7.6) 
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Figure 7.8: 800 MHz HR-MAS NMR 1H–13C HSQC spectrum showing the aliphatic region (δ0.5-4.5) of pig kidney. 
 Key: TMAO=trimethylamine-N-oxide.  
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Figure 7.9: 800 MHz HR-MAS NMR JRES spectrum showing the aliphatic region (δ0.5-4.5) of pig serum 
 Key: DMA=Dimethylamine; NAC= N-acetylcysteine 
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Figure 7.10: 800 MHz HR-MAS NMR TOCSY spectrum showing the aliphatic region (δ0.5-4.5) of pig serum.  
Key: GPC=glycerophosphocholine; lys=lysine; arg=arginine; cit=Citrulline; LDL=low density lipoprotein 
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Figure 7.11: 800 MHz HR-MAS NMR 1H–13C HSQC spectrum showing the aliphatic region (δ0.5-4.5) of pig serum.  
Key: TMAO=trimethylamine-N-oxide; GPC=glycerophosphocholine.  
8 Appendix II 
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Table 8.1: Table to show the results of two-tailed student’s t-tests of pair-wise comparisons between Ig levels.  
Key: (Ig=Immunoglobulin); (MLN=mesenteric lymph node, Pr-SI=proximal small intestine, Di-SI=distal small intestine, 
JPP=jejunal Peyer’s patch, Cae=caecum, Col=colon).  Values highlighted in bold and with an asterisk (*) are significant at 
the 95% confidence interval (p<0.05). 
P-Value Ig Levels 
(μg/ml) Egg Control V Soya 
Control 
Egg + B. lactis V Egg 
Control 
Soya + B. lactis V Soya 
Control 
Spleen - IgM 0.142 0.699 0.260 
Spleen - IgA 0.553 0.365 0.108 
MLN - IgM 0.763 0.004* 0.405 
MLN - IgA 0.182 0.003* 0.232 
Pr-SI - IgM 0.177 0.215 0.633 
Pr-SI - IgA 0.553 0.133 0.178 
Di - SI - IgM 0.000* 0.029* 0.091 
Di - SI - IgA 0.094 0.597 0.138 
JPP - IgM 0.027* 0.055 0.036* 
JPP - IgA 0.135 0.007* 0.244 
Cae - IgM 0.279 0.000* 0.684 
Cae - IgA 0.841 0.173 0.030* 
Col - IgM 0.258 0.016* 0.683 
Col - IgA 0.368 0.018* 0.085 
 
Table 8.2: Table of model statistics obtained from regression of individual Ig levels against entire urinary NMR 
matrix by O-PLS.  
Key: (MLN=mesenteric lymph node, Pr-SI=proximal small intestine, Di-SI=distal small intestine, JPP=jejunal Peyer’s 
patch, Cae=caecum, Col=colon).  Permutation test results represent model validity after 100 permutations of the Y 
(immunoglobulin) matrix. 
Immunoglobulin Q2Y R2X 
Permutation 
Test 
Spleen - IgM 0.041 0.273 Not Significant 
Spleen - IgA 0.178 0.276 Not Significant 
MLN - IgM 0.108 0.149 Not Significant 
MLN - IgA -0.316 0.281 Not Significant 
Pr-SI - IgM 0.176 0.163 Not Significant 
Pr-SI - IgA -0.619 0.249 Not Significant 
Di - SI - IgM -0.232 0.246 Not Significant 
Di - SI - IgA 0.175 0.08 Not Significant 
JPP - IgM -0.05 0.265 Not Significant 
JPP - IgA 0.05 0.121 Not Significant 
Cae - IgM 0.09 0.256 Not Significant 
Cae - IgA -0.12 0.05 Not Significant 
Col - IgM -0.487 0.04 Not Significant 
Col - IgA -0.08 0.07 Not Significant 
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Table 8.3: Table of model statistics obtained from regression of individual Ig levels against urinary NMR matrix of 
probiotic fed animals by O-PLS. 
 Key: (MLN=mesenteric lymph node, Pr-SI=proximal small intestine, Di-SI=distal small intestine, JPP=jejunal Peyer’s 
patch, Cae=caecum, Col=colon).  Permutation test results represent model validity after 100 permutations of the Y 
(immunoglobulin) matrix.  Values highlighted in bold represent valid statistical models.  
 
Immunoglobulin Q2Y R2X 
Permutation 
Test 
Spleen - IgM -0.36 0.33 Not Significant 
Spleen - IgA 0.07 0.352 Not Significant 
MLN - IgM -0.05 0.349 Not Significant 
MLN - IgA -0.381 0.341 Not Significant 
Pr-SI - IgM 0.402 0.358 Not Significant 
Pr-SI - IgA 0.08 0.2 Not Significant 
Di - SI - IgM -0.36 0.33 Not Significant 
Di - SI - IgA -0.07 0.326 Not Significant 
JPP - IgM 0.303 0.371 Not Significant 
JPP - IgA 0.328 0.354 Not Significant 
Cae - IgM 0.567 0.378 Significant 
Cae - IgA -0.187 0.197 Not Significant 
Col - IgM -0.08 0.34 Not Significant 
Col - IgA 0.103 0.351 Not Significant 
 
Table 8.4: Table of model statistics obtained from regression of individual Ig levels against urinary NMR matrix of 
control fed animals by O-PLS.  
Key: (MLN=mesenteric lymph node, Pr-SI=proximal small intestine, Di-SI=distal small intestine, JPP=jejunal Peyer’s 
patch, Cae=caecum, Col=colon).  Permutation test results represent model validity after 100 permutations of the Y 
(immunoglobulin) matrix.  Values highlighted in bold represent valid statistical models. 
Immunoglobulin Q2Y R2X 
Permutation 
Test 
Spleen - IgM -0.211 0.266 Not Significant 
Spleen - IgA -0.148 0.336 Not Significant 
MLN - IgM -0.08 0.241 Not Significant 
MLN - IgA 0.437 0.373 Significant 
Pr-SI - IgM -0.156 0.21 Not Significant 
Pr-SI - IgA -0.15 0.36 Not Significant 
Di - SI - IgM 0.783 0.409 Significant 
Di - SI - IgA 0.225 0.38 Not Significant 
JPP - IgM 0.542 0.38 Significant 
JPP - IgA 0.26 0.366 Not Significant 
Cae - IgM 0.185 0.367 Not Significant 
Cae - IgA 0.08 0.36 Not Significant 
Col - IgM 0.025 0.356 Not Significant 
Col - IgA -0.01 0.36 Not Significant 
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9 Appendix III 
This section contains additional information regarding unassigned metabolites identified as 
significant in Pre and Post‐Weaning Effects of Nutritional  Intervention on the Isolator‐Reared Piglet. 
 
 
Figure 9.1: TOCSY spectrum of urine illustrating the intra-molecular connectivities between the unknown 
resonances denoted U5.         
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 263 
9.1 References Acheson  DW,  Luccioli  S  (2004)  Microbial‐gut  interactions  in  health  and  disease. Mucosal  immune  responses. Best  Practice  in Research  in  Clinical  Gastroenterology 18: 387‐404.  Agrawal A, Eastman QM, Schatz DG (1998) Transposition mediated by RAG1 and RAG2 and its implications for the evolution of the immune system. Nature 394: 744‐751.  Ahmed SS, Santosh W, Kumar S, Christlet HT (2009) Metabolic profiling of Parkinson's disease: evidence of biomarker from gene expression analysis and rapid neural network detection. Journal of Biomedical Science 16: 63.  Al‐Lahham SaH, Peppelenbosch MP, Roelofsen H, Vonk RJ, Venema K (2010) Biological effects of propionic acid in humans; metabolism, potential applications and underlying mechanisms. Biochimica et Biophysica Acta 1801: 1175‐1183.  al‐Waiz  M,  Mikov  M,  Mitchell  SC,  Smith  RL  (1992)  The  exogenous  origin  of trimethylamine in the mouse. Metabolism: Clinical and Experimental 41: 135‐136.  Allison  MJ,  Robinson  IM,  Baetz  AL  (1979)  Synthesis  Of  Alpha‐Ketoglutarate  by Reductive  Carboxylation  of  Succinate  in  Veillonella,  Selenomonas  and  Bacteroides Species. Journal of Bacteriology 140: 980‐986.  Aue  WP,  Karhan  J,  Ernst  RR  (1976)  Homonuclear  broad‐band  decoupling  and  2‐dimensional J‐resolved spectroscopy. Journal of Chemical Physics 64: 4226‐4227.  Backhed  F,  Ding H, Wang  T,  Hooper  LV,  Koh GY,  Nagy A,  Semenkovich  CF,  Gordon  JI (2004)  The  gut  microbiota  as  an  environmental  factor  that  regulates  fat  storage. 
Proceedings of the National Academy of Sciences 101: 15718‐15723.  Bailey M, Haverson K, Inman C, Harris C,  Jones P, Corfield G, Miller B, Stokes C (2005) The  development  of  the  mucosal  immune  system  pre‐  and  post‐weaning:  balancing regulatory and effector function. The Proceedings of the Nutrition Society 64: 451‐457.  Bailey M, Miller BG, Telemo E, Stokes CR, Bourne FJ (1994) Altered immune response to proteins fed after neonatal exposure of piglets to the antigen. International Archives of 
Allergy and Immunology 103: 183‐187.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 264 
Bailey  M,  Plunkett  FJ,  Rothkotter  HJ,  Vega‐Lopez  MA,  Haverson  K,  Stokes  CR  (2001) Regulation  of  mucosal  immune  responses  in  effector  sites.  The  Proceedings  of  the 
Nutrition Society 60: 427‐435.  Barker  DJP  (1995)  Intrauterine  programming  of  adult  disease.  Molecular  Medicine 
Today 1: 418‐423.  Bauer M, Bertario A, Boccardi G, Fontaine X, Rao R, Verrier D (1998) Reproducibility of 1H‐NMR  integrals:  a  collaborative  study.  Journal  of  Pharmaceutical  and  Biomedical 
Analysis 17: 419‐425.  Bax  A,  Summers  MF  (1986)  Proton  and  carbon‐13  assignments  from  sensitivity‐enhanced  detection  of  heteronuclear  multiple‐bond  connectivity  by  2D  multiple quantum NMR. Journal of the American Chemical Society 108: 2093‐2094.  Beckonert O, Keun HC, Ebbels TMD, Bundy J, Holmes E, Lindon JC, Nicholson JK (2007) Metabolic profiling, metabolomic and metabonomic procedures for NMR spectroscopy of urine, plasma, serum and tissue extracts. Nature Protocols 2: 2692‐2703.  Bell JD, Brown JCC, Nicholson JK, Sadler PJ (1987) Assignment of resonances for 'acute‐phase'  glycoproteins  in  high  resolution  proton NMR  spectra  of  human  blood  plasma. 
FEBS letters 215: 311‐315.  Benjamini Y, Hochberg Y (1995) Controlling the False Discovery Rate ‐  A Practical and Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society Series B­
Methodological 57: 289‐300.  Berg JM, Tymoczko JL, Stryer L (2002) Biochemistry, 5th edn. New York: W.H.Freeman and Company.  Berlin  E,  Khan  MA,  Henderson  GR,  Kliman  PG  (1985)  Influence  of  age  and  sex  on composition  and  lipid  fluidity  in miniature  swine plasma  lipoproteins. Atherosclerosis 
54: 187‐203.  Bernini P, Bertini I, Luchinat C, Nepi S, Saccenti E, Schafer H, Schutz B, Spraul M, Tenori L  (2009)  Individual  human  phenotypes  in  metabolic  space  and  time.  Journal  of 
Proteome Research 8: 4264‐4271.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 265 
Bertram HC, Duarte  IF, Gil AM, Knudsen KE,  Laerke HN  (2007) Metabolic profiling of liver from hypercholesterolemic pigs fed rye or wheat fiber and from normal pigs. High‐resolution magic angle spinning 1H NMR spectroscopic study. Analytical Chemistry 79: 168‐175.  Bertram HC, Knudsen KEB, Serena A, Malmendal A, Nielsen NC, Frette XC, Andersen HJ (2006) NMR‐based metabonomic  studies  reveal  changes  in  the biochemical  profile  of plasma  and  urine  from  pigs  fed  high‐fibre  rye  bread. British  Journal  of  Nutrition 95: 955‐962.  Bertram  HC,  Oksbjerg  N,  Young  JF  (2009)  NMR‐based  metabonomics  reveals relationship  between  pre‐slaughter  exercise  stress,  the  plasma  metabolite  profile  at time of slaughter, and water‐holding capacity in pigs. Meat science 84: 108‐113.  Blaise  BJ,  Giacomotto  J,  Elena  B,  Dumas  ME,  Toulhoat  P,  Sagalat  L,  Emsley  L  (2007) Metabotyping of Caenorhabditis  elegans  reveals  latent phenotypes. Proceedings of  the 
National Academy of Sciences 104: 19808‐19812.  Bohus E, Coen M, Keun HC, Ebbels TMD, Beckonert O, Lindon JC, Holmes E, NoszaÌ l Bl, Nicholson  JK (2008) Temporal Metabonomic Modeling of  l‐Arginine‐Induced Exocrine Pancreatitis. Journal of Proteome Research 7: 4435‐4445.  Bollard ME, Garrod S, Holmes E, Lindon JC, Humpfer E, Spraul M, Nicholson JK (2000) High‐resolution  (1)H  and  (1)H‐(13)C  magic  angle  spinning  NMR  spectroscopy  of  rat liver.  Magnetic  resonance  in  medicine  :  official  journal  of  the  Society  of  Magnetic 
Resonance in Medicine / Society of Magnetic Resonance in Medicine 44: 201‐207.  Bone E, Tamm A, Hill M (1976) The production of urinary phenols by gut bacteria and their  possible  role  in  the  causation  of  large  bowel  cancer.  The  American  Journal  of 
Clinical Nutrition 29: 1448‐1454.  Brandtzaeg  P,  Pabst  R  (2004)  Let's  go  mucosal:  communication  on  slippery  ground. 
Trends in Immunology 25: 570‐577.  Brundige  DR,  Maga  EA,  Klasing  KC,  Murray  JD  (2010)  Consumption  of  pasteurized human  lysozyme transgenic goats' milk alters serum metabolite profile  in young pigs. 
Transgenic Research 19: 563‐574.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 266 
Bustad  LK,  McClellan  RO  (1966)  Swine  in  Biomedical  Research.  Science  152:  1526‐1530.  Butterwick RF, McConnell M, Markwell PJ, Watson TDG (2001) Influence of age and sex on plasma lipid and lipoprotein concentrations and associated enzyme activities in cats. 
American Journal of Veterinary Research 62: 331‐336.  Cani  PD,  Delzenne  NM,  Amar  J,  Burcelin  R  (2008)  Role  of  gut  microflora  in  the development of obesity and insulin resistance following high‐fat diet feeding. Pathologie 
Biologie  (Paris) 56: 305‐309.  Cavanagh J, Palmer AG, Wright PE, Rance M (1991) Sensitivity Improvement in Proton‐Detected  2‐Dimensional  Heteronuclear  Relay  Spectroscopy.  Journal  of  Magnetic 
Resonance 91: 429‐436.  Chen K, Xu W, Wilson M, He B, Miller NW, Bengten E, Edholm E, Santini PA, Rath P, Chiu A, Cattalini M, Litzman J, B Bussel J, Huang B, Meini A, Riesbeck K, Cunningham‐Rundles C,  Plebani  A,  Cerutti  A  (2009)  Immunoglobulin  D  enhances  immune  surveillance  by activating antimicrobial, proinflammatory and B cell‐stimulating programs in basophils. 
Nature Immunology 10: 889‐898.  Clayton TA,  Lindon  JC,  Cloarec O, Antti H,  Charuel  C, Hanton G,  Provost  JP,  Le Net  JL, Baker  D,  Walley  RJ,  Everett  JR,  Nicholson  JK  (2006)  Pharmaco‐metabonomic phenotyping and personalized drug treatment. Nature 440: 1073‐1077.  Cloarec O, Dumas ME, Craig A, Barton RH, Trygg  J, Hudson  J, Blancher C, Gauguier D, Lindon JC, Holmes E, Nicholson J (2005a) Statistical  total correlation spectroscopy: an exploratory approach for latent biomarker identification from metabolic 1H NMR data sets. Analytical Chemistry 77: 1282‐1289.  Cloarec O, Dumas ME, Trygg  J, Craig A, Barton RH, Lindon  JC, Nicholson  JK, Holmes E (2005b) Evaluation of  the orthogonal projection on  latent structure model  limitations caused by chemical shift variability and improved visualization of biomarker changes in 1H NMR spectroscopic metabonomic studies. Analytical Chemistry 77: 517‐526.  Collado MC, Grzeskowiak L, Salminen S (2007) Probiotic strains and their combination inhibit in vitro adhesion of pathogens to pig intestinal mucosa. Current Microbiology 55: 260‐265. 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 267 
 Cooper EV (1946) Gas‐gangrene following injection of adrenaline. Lancet 247: 459‐461.  Crivellato  E,  Vacca  A,  Ribatti  D  (2004)  Setting  the  stage:  an  anatomist's  view  of  the immune system. Trends in Immunology 25: 210‐217.  Croft  NM,  Hodges  M  (2005)  IgM:  mucosal  response  in  acute  diarrhoeal  disease  of infants. Scandinavian Journal of Gastroenterology 40: 965‐971.  Cummings HJ (1995) Short Chain Fatty Acids. Boca Raton: CRC Press.  Cummings  JH,  Pomare  EW,  Branch WJ,  Naylor  CP, Macfarlane  GT  (1987)  Short  chain fatty  acids  in  human  large  intestine,  portal,  hepatic  and  venous  blood. Gut 28:  1221‐1227.  Curtis  SE  (1974)  Responses  of  the  Piglet  to  Perinatal  Stressors.  Journal  of  Animal 
Science 38: 1031‐1036.  Dalgliesh  CE,  Kelley  W,  Horning  EC  (1958)  Excretion  of  a  suphatoxyl  derivative  of skatole in pathological studies in man. Biochemical Journal 70.  Davis DG, Bax A  (1985) Assignment of  complex 1H‐NMR spectra via  two‐dimensional homonuclear  Hartmann‐Hahn  spectroscopy.  Journal  of  the  American  Chemical  Society 
107: 2820‐2821.  Dawson  LF,  Stabler  RA, Wren  BW  (2008)  Assessing  the  role  of  p‐cresol  tolerance  in Clostridium difficile. Journal of Medical Microbiology 57: 745‐749.  de  Moura  EG,  Lisboa  PC,  Passos  MCF  (2008)  Neonatal  Programming  of Neuroimmunomodulation  ‐  Role  of  Adipocytokines  and  Neuropeptides. 
Neuroimmunomodulation 15: 176‐188.  De Preter V, Vanhoutte T, Huys G, Swings J, De Vuyst L, Rutgeerts P, Verbeke K (2007) Effects of Lactobacillus casei Shirota, Bifidobacterium breve, and oligofructose‐enriched inulin on colonic nitrogen‐protein metabolism in healthy humans. American Journal of 
Physiology ­ Gastrointestinal and Liver Physiology 292: G358‐368.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 268 
Deichmann WB, Witherup S (1943) The acute and comparative toxicity of phenol, o‐m‐ and  p‐cresols  for  experimental  animals.  Jounal  of  Pharmacology  and  Experimental 
Therapeutics 80: 233‐239.  Dieterle F, Ross A, Schlotterbeck G, Senn H (2006) Probabilistic quotient normalization as robust method to account for dilution of complex biological mixtures. Application in 1H NMR metabonomics. Analytical Chemistry 78: 4281‐4290.  Dou L, Bertrand E, Cerini C, Faure V, Sampol J, Vanholder R, Berland Y, Brunet P (2004) The  uremic  solutes  p‐cresol  and  indoxyl  sulfate  inhibit  endothelial  proliferation  and wound repair. Kidney International 65: 442‐451.  Dou L, Cerini C, Brunet P, Guilianelli C, Moal V, Grau G, De Smet R, Vanholder R, Sampol J,  Berland  Y  (2002)  P‐cresol,  a  uremic  toxin,  decreases  endothelial  cell  response  to inflammatory cytokines. Kidney International 62: 1999‐2009.  Dreizen S, Spies TD (1948) Further studies on the association between the products of protein putrefaction and dental caries activity. Journal of dental research 27: 305‐315.  Duarte  IF,  Legido‐Quigley  C,  Parker  DA,  Swann  JR,  Spraul  M,  Braumann  U,  Gil  AM, Holmes  E,  Nicholson  JK,  Murphy  GM,  Vilca‐Melendez  H,  Heaton  N,  Lindon  JC  (2009) Identification  of  metabolites  in  human  hepatic  bile  using  800  MHz  1H  NMR spectroscopy, HPLC‐NMR/MS and UPLC‐MS. Molecular Biosystems 5: 180‐190.  Dumas ME, Barton RH, Toye A, Cloarec O, Blancher C, Rothwell A, Fearnside J, Tatoud R, Blanc V, Lindon JC, Mitchell SC, Holmes E, McCarthy MI, Scott J, Gauguier D, Nicholson JK (2006a)  Metabolic  profiling  reveals  a  contribution  of  gut  microbiota  to  fatty  liver phenotype  in  insulin‐resistant  mice.  Proceedings  of  the  National  Academy  of  Sciences 
103: 12511‐12516.  Dumas ME, Maibaum EC, Teague C, Ueshima H, Zhou B, Lindon JC, Nicholson JK, Stamler J,  Elliott  P,  Chan Q, Holmes  E  (2006b)  Assessment  of  analytical  reproducibility  of  1H NMR  spectroscopy  based metabonomics  for  large‐scale  epidemiological  research:  the INTERMAP Study. Analytical Chemistry 78: 2199‐2208.  Duncan SH, Holtrop G, Lobley GE, Calder AG, Stewart CS, Flint HJ (2004) Contribution of acetate to butyrate formation by human faecal bacteria. British Journal of Nutrition 91: 915‐923. 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 269 
 Duncan  SH,  Richardson  AJ,  Kaul  P,  Holmes  RP,  Allison  MJ,  Stewart  CS  (2002) Oxalobacter  formigenes  and  Its  Potential  Role  in  Human  Health.  Applied  and 
Environmental Microbiology 68: 3841‐3847.  Dunne  C  (2001)  Adaptation  of  bacteria  to  the  intestinal  niche:  probiotics  and  gut disorder. Inflammatory Bowel Diseases 7: 136‐145.  Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, Gill SR, Nelson KE, Relman DA  (2005) Diversity of  the human  intestinal microbial  flora. Science 308: 1635‐1638.  Elsden SR, Hilton MG, Waller JM (1976) The end products of the metabolism of aromatic amino acids by Clostridia. Archives of Microbiology 107: 283‐288.  Erb  KJ  (2007)  Helminths,  allergic  disorders  and  IgE‐mediated  immune  responses: Where do we stand? European Journal of Immunology 37: 1170‐1173.  Eriksson L, Antti H, Gottfries J, Holmes E, Johansson E, Lindgren F, Long I, Lundstedt T, Trygg  J,  Wold  S  (2004)  Using  chemometrics  for  navigating  in  the  large  data  sets  of genomics, proteomics, and metabonomics (gpm). Analytical and Bioanalytical Chemistry 
380: 419‐429.  Evans  DG,  Miles  AA,  Niven  JS  (1948)  The  enhancement  of  bacterial  infections  by adrenaline. British Journal of Experimental Pathology 29: 20‐39.  Ezeji  T,  Milne  C,  Price  ND,  Blaschek  HP  (2007)  Achievements  and  perspectives  to overcome  the  poor  solvent  resistance  in  acetone  and  butanol‐producing microorganisms. Applied Microbiology and Biotechnology 85: 1697‐1712.  Fagarasan  S,  Honjo  T  (2003)  Intestinal  IgA  synthesis:  regulation  of  front‐line  body defences. Nature Reviews Immunology 3: 63‐72.  Fan WMT  (1996) Metabolite  profiling  by  one‐  and  two‐dimensional  NMR  analysis  of complex mixtures. Progress in Nuclear Magnetic Resonance Spectroscopy 28: 161‐219.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 270 
Faure V, Cerini C, Paul P, Berland Y, Dignat‐George F, Brunet P (2006) The uremic solute p‐cresol  decreases  leukocyte  transendothelial  migration  in  vitro.  International 
Immunology 18: 1453‐1459.  Fonville JM, Maher AD, Coen M, Holmes E, Lindon JC, Nicholson JK (2010) Evaluation of full‐resolution  J‐resolved  1H  NMR  projections  of  biofluids  for  metabonomics information retrieval and biomarker identification. Analytical Chemistry 82: 1811‐1821.  Forster  R,  Ancian  P,  Fredholm  M,  Simianer  H,  Whitelaw  B  (2010)  The  Minipig  as  a Platform  for  New  Technologies  in  Toxicology.  Journal  of  Pharmacological  and 
Toxicological Methods 62: 227‐235.  Forsythe P,  Sudo N, Dinan T, Taylor VH, Bienenstock  J  (2010) Mood and gut  feelings. 
Brain, Behavior, and Immunity 24: 9‐16.  Frankenfeld CL, Atkinson C, Thomas WK, Gonzalez A, Jokela T, Wolo K, Schwartz SM, Li SS,  Lampe  JW  (2005)  High  concordance  of  daidzein‐metabolizing  phenotypes  in individuals measured 1 to 3 years apart. British Journal of Nutrition 94: 873‐876.  Gavaghan  CL,  Holmes  E,  Lenz  E,  Wilson  ID,  Nicholson  JK  (2000)  An  NMR‐based metabonomic  approach  to  investigate  the biochemical  consequences  of  genetic  strain differences: application to the C57BL10J and Alpk:ApfCD mouse. FEBS Letters 484: 169‐174.  Geypens  B,  Claus  D,  Evenepoel  P,  Hiele  M,  Maes  B,  Peeters  M,  Rutgeerts  P,  Ghoos  Y (1997)  Influence  of  dietary  protein  supplements  on  the  formation  of  bacterial metabolites in the colon. Gut 41: 70‐76.  Gibson  GR,  Willems  A,  Reading  S,  Collins  MD  (2007)  Fermentation  of  non‐digestible oligosaccharides  by  human  colonic  bacteria.  Proceedings  of  the  Nutrition  Society  55: 899‐912.  Gill SR, Pop M, DeBoy RT, Eckburg PB, Turnbaugh PJ, Samuel BS, Gordon JI, Relman DA, Fraser‐Liggett  CM,  Nelson  KE  (2006) Metagenomic  Analysis  of  the Human Distal  Gut Microbiome. Science 312: 1355‐1359.  Gleeson  M,  Clancy  RL,  Cripps  AW  (1993)  Mucosal  Immune  Response  in  a  Case  of Sudden Infant Death Syndrome. Pediatric Research 33: 554‐556. 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 271 
 Goodman AL, McNulty NP, Zhao Y, Leip D, Mitra RD, Lozupone CA, Knight R, Gordon JI (2009) Identifying Genetic Determinants Needed to Establish a Human Gut Symbiont in Its Habitat. Cell Host & Microbe 6: 279‐289.  Goodwin BL, Ruthven CR,  Sandler M  (1994) Gut  flora  and  the origin of  some urinary aromatic phenolic compounds. Biochemical Pharmacology 47: 2294‐2297.  Group TNHW, Peterson J, Garges S, Giovanni M, McInnes P, Wang L, Schloss JA, Bonazzi V, McEwen  JE, Wetterstrand KA, Deal C, Baker CC, Di Francesco V, Howcroft TK, Karp RW,  Lunsford  RD, Wellington  CR,  Belachew  T, Wright  M,  Giblin  C,  David  H,  Mills  M, Salomon R, Mullins C, Akolkar B, Begg L, Davis C, Grandison L, Humble M, Khalsa J, Little AR, Peavy H, Pontzer C, Portnoy M, Sayre MH, Starke‐Reed P, Zakhari S, Read J, Watson B,  Guyer M  (2009)  The NIH Human Microbiome Project. Genome Research 19:  2317‐2323.  Gruden‐Movsesijan A, Ilic N, Mostarica‐Stojkovic M, Stosic‐Grujicic S, Milic M, Sofronic‐Milosavljevic  L  (2010)  Mechanisms  of  modulation  of  experimental  autoimmune encephalomyelitis by chronic Trichinella spiralis infection in Dark Agouti rats. Parasite 
Immunology 32: 450‐459.  Gu L, House SE, Prior RL, Fang N, Ronis MJJ, Clarkson TB, Wilson ME, Badger TM (2006) Metabolic  Phenotype  of  Isoflavones  Differ  among  Female  Rats,  Pigs,  Monkeys,  and Women. The Journal of Nutrition 136: 1215‐1221.  Guilloteau P, Zabielski R, Hammon HM, Metges CC (2010) Nutritional programming of gastrointestinal tract development. Is the pig a good model for man? Nutrition research 
reviews 23: 4‐22.  Hafiz S, Oakley CL (1976) Clostridium difficile:  isolation and characteristics.  Journal of 
Medical Microbiology 9: 129‐136.  Hartmann  SR,  Hahn  EL  (1962)  Nuclear  Double  Resonance  in  the  Rotating  Frame. 
Physical Review 128: 2042.  Hauet T, Gibelin H, Richer JP, Godart C (2000) Influence of retrieval conditions on renal medulla  injury:  Evaluation  by  proton  NMR  spectroscopy  in  an  isolated  perfused  pig kidney model. Journal of Surgical Research 93: 1‐8. 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 272 
 He Q, Kong X, Wu G, Ren P, Tang H, Hao F (2009) Metabolomic analysis of the response of growing pigs to dietary L‐arginine supplementation. Amino Acids 37: 199‐208.  Heckler  BK,  Carey  GB  (1997)  Lactate  production  by  swine  adipocytes:  effects  of  age, nutritional  status,  glucose  concentration,  and  insulin.  The  American  Journal  of 
Physiology 272: E957‐966.  Hill MJ  (1997)  Intestinal  flora and endogenous vitamin synthesis. European  Journal of 
Cancer Prevention 6: S43‐45.  Hill MJ (1998) Cereals, dietary fibre and cancer. Nutrition Research 18: 653‐659.  Hollywood K, Brison DR, Goodacre R  (2006) Metabolomics:  Current  technologies  and future trends. Proteomics 6: 4716‐4723.  Holmes E, Nicholson J (2005) Variation in gut microbiota strongly influences individual rodent phenotypes. Toxicol Sci 87: 1‐2.  Holtmeier  W,  Kaller  J,  Geisel  W,  Pabst  R  (2002)  Development  and Compartmentalization  of  the  Porcine  TCR  delta  Repertoire  at  Mucosal  and Extraintestinal Sites: The Pig as a Model for Analyzing the Effects of Age and Microbial Factors. The Journal of Immunology 169: 1993–2002.  Hooper  LV, Midtvedt  T,  Gordon  JI  (2002) How Host‐Microbial  Interactions  Shape  the Nutrient Environment of the Mammalian Intestine. Annual Reviews in Nutrition 22: 283‐307.  Hore PJ (1995) Nuclear Magnetic Resonance. Oxford: Oxford University Press Inc.  Hore PJ, Jones JA, Wimperis S (2000) NMR: The Toolkit. Oxford: Oxford University Press Inc.  Houpt KA, Houpt TR, Pond WG (1979) The pig as a model for the study of obesity and of control of food intake: a review. The Yale Journal of Biology and Medicine 52: 307‐329.  Human Genome Sequencing C (2004) Finishing the euchromatic sequence of the human genome. Nature 431: 931‐945. 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 273 
 Hurd  RE  (1990)  Gradient‐enhanced  Spectroscopy.  Journal  of Magnetic  Resonance 87: 422‐428.  Hwang TL,  Shaka AJ  (1998) Multiple‐pulse mixing  sequences  that  selectively enhance chemical exchange or cross‐relaxation peaks in high‐resolution NMR spectra. Journal of 
Magnetic Resonance 135: 280‐287.  Hylemon PB, Harder J (1998) Biotransformation of monoterpenes, bile acids, and other isoprenoids in anaerobic ecosystems. FEMS Microbiology Reviews 22: 475‐488.  Isolauri  E,  Salminen  S,  Ouwehand AC  (2004) Microbial‐gut  interactions  in  health  and disease. Probiotics. Best Practice & Research Clinical Gastroenterology 18: 299‐313.  James  MO,  Smith  RL,  Williams  RT,  Reidenberg  M  (1972)  The  conjugation  of phenylacetic  acid  in  man,  sub‐human  primates  and  some  non‐primate  species. 
Proceedings  of  the  Royal  Society  of  London  Series  B,  Containing  papers  of  a  Biological 
character Royal Society (Great Britain) 182: 25‐35.  Jayaraman  A,  Wood  TK  (2008)  Bacterial  Quorum  Sensing:  Signals,  Circuits,  and Implications  for  Biofilms  and  Disease.  Annual  Review  of  Biomedical  Engineering  10: 145‐167.  Jenkins  KJ,  Griffith  G,  Kramer  JKG  (1988)  Plasma  Lipoproteins  in  Neonatal, Preruminant, and Weaned Calf. Journal of Dairy Science 71: 3003‐3012.  Juhas  M,  Van  Der  Meer  JR,  Gaillard  M,  Harding  RM,  Hood  DW,  Crook  DW  (2009) Genomic  islands:  tools  of  bacterial  horizontal  gene  transfer  and  evolution.  FEMS 
Microbiology Reviews 33: 376‐393.  Junquiera LC, Carneiro J (2003) Basic Histology: McGraw‐Hill.  Kallio  MJT,  Salmenpera  L,  Siimes  MA,  Perheentupa  J,  Miettinen  TA  (1992)  Exclusive Breast‐Feeding  and  Weaning:  Effect  on  Serum  Cholesterol  and  Lipoprotein Concentrations in Infants During the First Year of Life. Pediatrics 89: 663‐666.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 274 
Kalliomaki  M,  Collado‚M  C,  Salminen  S,  Isolauri  E  (2008)  Early  differences  in  fecal microbiota  composition  in  children  may  predict  overweight.  American  Journal  of 
Clinical Nutrition 87: 534‐538.  Kanehisa M,  Goto  S  (2000)  KEGG:  kyoto  encyclopedia  of  genes  and  genomes. Nucleic 
Acids Research 28: 27‐30.  Kanehisa  M,  Goto  S,  Furumichi  M,  Tanabe  M,  Hirakawa  M  (2010)  KEGG  for representation  and  analysis  of  molecular  networks  involving  diseases  and  drugs. 
Nucleic Acids Research 38: D355‐360.  Kanehisa M, Goto  S, Hattori M, Aoki‐Kinoshita KF,  Itoh M, Kawashima S, Katayama T, Araki M, Hirakawa M (2006) From genomics to chemical genomics: new developments in KEGG. Nucleic Acids Research 34: D354‐357.  Kantele  A,  Hakkinen  M,  Moldoveanu  Z,  Lu  A,  Savilahti  E,  Alvarez  RD,  Michalek  S, Mestecky  J  (1998)  Differences  in  Immune  Responses  Induced  by  Oral  and  Rectal Immunizations  with  Salmonella  typhi  Ty21a:  Evidence  for  Compartmentalization within  the  Common Mucosal  Immune  System  in Humans.  Infection  and  Immunity 66: 5630‐5635.  Kay LE, Keifer P, Saarinen T (1992) Pure Absorption Gradient Enhanced Heteronuclear Single  Quantum  Correlation  Spectroscopy  with  Improved  Sensitivity.  Journal  of  the 
American Chemical Society 114: 10663‐10665.  Keeling L, Jensen P (2002) Behavioural disturbances, stress and welfare. Oxon, UK: CAB Int.  Khoo  UY,  Proctor  IE,  Macpherson  AJ  (1997)  CD4+  T  cell  down‐regulation  in  human intestinal mucosa:  evidence  for  intestinal  tolerance  to  luminal  bacterial  antigens. The 
Journal of Immunology 158: 3626‐3634.  Knudsen KE,  Canibe N  (1993) Metabolic  and  physiological  aspects  of  dietary  fibre  in food. In Commision of the European Communities pp 123‐130, Luxembourg.  Kochhar  S,  Jacobs  DM,  Ramadan  Z,  Berruex  F,  Fuerholz  A,  Fay  LB  (2006)  Probing gender‐specific  metabolism  differences  in  humans  by  nuclear  magnetic  resonance‐based metabonomics. Analytical Biochemistry 352: 274‐281. 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 275 
 Koletzko B, von Kries R, Monasterolo RC, Subras JE, Scaglioni S, Giovannini M, Beyer J, Demmelmair  H,  Anton  B,  Gruszfeld  D,  Dobrzanska  A,  Sengier  A,  Langhendries  JP, Cachera MF, Grote V, European Childhood Obesity Trial Study G (2009) Infant feeding and later obesity risk. Advances in Experimental Medicine and Biology 646: 15‐29.  Kurokawa  K,  Itoh  T,  Kuwahara  T,  Oshima  K,  Toh  H,  Toyoda  A,  Takami  H,  Morita  H, Sharma VK, Srivastava TP, Taylor TD, Noguchi H, Mori H, Ogura Y, Ehrlich DS,  Itoh K, Takagi T, Sakaki Y, Hayashi T, Hattori M (2007) Comparative Metagenomics Revealed Commonly Enriched Gene Sets in Human Gut Microbiomes. DNA Research 14: 169‐181.  Kurz  K,  Teerlink  T,  Sarcletti  M,  Weiss  G,  Zangerle  R,  Fuchs  D  (2009)  Plasma concentrations of  the cardiovascular risk  factor asymmetric dimethylarginine (ADMA) are  increased  in  patients  with  HIV‐1  infection  and  correlate  with  immune  activation markers. Pharmacological Research 60: 508‐514.  Kvalheim  OM  (1992)  The  latent  variable.  Chemometrics  and  Intelligent  Laboratory 
Systems 14: 1‐3.  Lalles  JP,  Bosi  P,  Smidt H,  Stokes CR  (2007) Nutritional management  of  gut  health  in pigs around weaning. The Proceedings of the Nutrition Society 66: 260‐268.  Lederberg J (2000) Infectious History. Science 288: 287 ‐ 293.  Lee  JH,  Lee  J  (2009)  Indole  as  an  intercellular  signal  in microbial  communities. FEMS 
Microbiology Reviews 34: 426‐444.  Ley  RE,  Hamady  M,  Lozupone  C,  Turnbaugh  PJ,  Ramey  RR,  Bircher  JS,  Schlegel  ML, Tucker TA, Scherenzel MD, Knight R, Gordon JI (2008) Evolution of Mammals and Their Gut Microbes. Science 320: 1647‐1651.  Li  M,  Wang  B,  Zhang  M,  Rantalainen  M,  Wang  S  (2008)  Symbiotic  gut  microbes modulate  human  metabolic  phenotypes.  Proceedings  of  the  National  Academy  of 
Sciences 105: 2117‐2112.  Lindon JC, Nicholson J (2008) Spectroscopic and Statistical Techniques for Information Recovery in Metabonomics and Metabolomics. Annual Review of Analytical Chemistry 1: 45‐69. 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 276 
 Ling WH, Hanninen O  (1992) Shifting  from a conventional diet  to an uncooked vegan diet reversibly alters fecal hydrolytic activities in humans. The Journal of Nutrition 122: 924‐930.  Logan AC, Chow KP, George A, Weinstein PD, Cebra JJ (1991) Use of Peyer's patch and lymph  node  fragment  cultures  to  compare  local  immune  responses  to  Morganella morganii. Infection and Immunity 59: 1024‐1031.  Lu  L, Walker WA  (2001)  Pathologic  and  physiologic  interactions  of  bacteria with  the gastrointestinal epithelium. American Journal of Clinical Nutrition 73: 1124S‐1130S.  Lundstrom  RC,  Racicot  LD  (1983)  Gas‐chromatographic  determination  of dimethylamine  and  trimethylamine  in  seafoods.  Journal  of  the  Association  of  Official 
Analytical Chemists 66: 1158‐1163.  Lyte  M  (2004)  Microbial  endocrinology  and  infectious  disease  in  the  21st  century. 
Trends in microbiology 12: 14‐20.  Macfarlane  GT,  Gibson  GR,  Beatty  E,  Cummings  JH  (1992)  Estimation  of  short‐chain fatty  acid  production  from  protein  by  human  intestinal  bacteria  based  on  branched‐chain fatty acid measurements. FEMS Microbiology Letters 101: 81‐88.  Macomber  RS  (1998) A  Complete  Introduction  to  NMR  Spectroscopy.  New  York,  USA: John Wiley and Sons Inc.  Macpherson AJ, Uhr T (2004) Compartmentalization of the Mucosal Immune Responses to Commensal Intestinal Bacteria. Annals of the New York Academy of Sciences 1029: 36‐43.  Makinen VP, Soininen P, Forsblom C, Parkkonen M, Ingman P, Kaski K, Groop PH, Ala‐Korpela  M  (2008)  1H  NMR  metabonomics  approach  to  the  disease  continuum  of diabetic complications and premature death. Molecular Systems Biology 4: 167.  Marcobal A, Barboza M, Froehlich JW, Block DE, German JB, Lebrilla CB, Mills DA (2010) Consumption  of  Human  Milk  Oligosaccharides  by  Gut‐Related  Microbes.  Journal  of 
Agricultural and Food Chemistry 58: 5334‐5340.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 277 
Margulis L (1970) Origin of Eukaryotic Cells. Conneticut: Yale University Press.  Market  E,  Papavasiliou  FN  (2003)  V(D)J  Recombination  and  the  Evolution  of  the Adaptive Immune System. PLoS Biology 1: e16.  Martin FP, Dumas ME, Wang Y, Legido‐Quigley C, Yap IK, Tang H, Zirah S, Murphy GM, Cloarec  O,  Lindon  JC,  Sprenger  N,  Fay  LB,  Kochhar  S,  van  Bladeren  P,  Holmes  E, Nicholson  JK  (2007a)  A  top‐down  systems  biology  view  of  microbiome‐mammalian metabolic interactions in a mouse model. Molecular Systems Biology 3: 1‐16.  Martin FP, Verdu EF, Wang Y, Dumas ME, Yap IK, Cloarec O, Bergonzelli GE, Corthesy‐Theulaz  I,  Kochhar  S,  Holmes  E,  Lindon  JC,  Collins  SM,  Nicholson  JK  (2006) Transgenomic  metabolic  interactions  in  a  mouse  disease  model:  interactions  of Trichinella  spiralis  infection  with  dietary  Lactobacillus  paracasei  supplementation. 
Journal of Proteome Research 5: 2185‐2193.  Martin FP, Wang Y, Sprenger N, Holmes E, Lindon JC, Kochhar S, Nicholson JK (2007b) Effects of probiotic Lactobacillus paracasei  treatment on the host gut  tissue metabolic profiles  probed  via  magic‐angle‐spinning  NMR  spectroscopy.  Journal  of  Proteome 
Research 6: 1471‐1481.  Martin FPJ, Wang Y, Sprenger N, Yap IKS, Lek P, Rezzi S, Ramadan Z, van Bladeren P, Fay LB,  Kochhar  S,  Lindon  JC,  Holmes  E,  Nicholson  JK  (2008)  Probiotic  modulation  of symbiotic gut microbial–host metabolic interactions in a humanized microbiome mouse model. Molecular Systems Biology 4.  Martinez‐Granados B, Monlein D, Martinez‐Bisbal MC, Rodrigo JM, del Olmo J, Lluch P, Ferrindez A, Marti‐Bonmati L, Celda B (2006) Metabolite  identification in human liver needle biopsies by high‐resolution magic angle spinning 1H NMR spectroscopy. NMR in 
Biomedicine 19: 90‐100.  Marzocco S, Di Paola R, Genovese T, Sorrentino R, Britti D, Scollo G, Pinto A, Cuzzocrea S, Autore G (2004) Methylguanidine reduces the development of non septic shock induced by zymosan in mice. Life Sciences 75: 1417‐1433.  McNiel  ME,  Labbok  MH,  Abrahams  SW  (2010)  What  are  the  Risks  Associated  with Formula Feeding? A Re‐Analysis and Review. Birth 37: 50‐58.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 278 
Meiboom S, Gill D (1958) Modified spin‐echo method for measuring nuclear relaxation times. Review of Scientific Instruments 29: 688‐691.  Mestecky  J, Moro  I, Underdown BJ  (1999) Mucosal  Immunology.  San Diego: Academic Press.  Metges CC (2000) Contribution of microbial amino acids to amino acid homeostasis of the host. The Journal of Nutrition 130: 1857S‐1864S.  Meyers SN, Rogatcheva MB, Larkin DM, Yerle M, Milan D, Hawken RJ, Schook LB, Beever JE  (2005) Piggy‐BACing  the human genome  II. A high‐resolution, physically anchored, comparative map of the porcine autosomes. Genomics 86: 739‐752.  Miller ER, Ullrey DE (1987) The pig as a model  for human nutrition. Annual review of 
Nutrition 7: 361‐382.  Mitchell  SC,  Zhang  AQ,  Smith  RL  (2008)  Dimethylamine  and  diet.  Food  and  Chemical 
Toxicology  :  an  International  Journal  Published  for  the  British  Industrial  Biological 
Research Association 46: 1734‐1738.  Mock DM, Henrich‐Shell CL, Carnell N, Stumbo P, Mock NI (2004) 3‐Hydroxypropionic Acid and Methylcitric Acid Are Not Reliable Indicators of Marginal Biotin Deficiency in Humans. The Journal of Nutrition 134: 317‐320.  Mueller  RS,  Denef  VJ,  Kalnejais  LH,  Suttle  KB,  Thomas  BC,  Wilmes  P,  Smith  RL, Nordstrom  DK,  McCleskey  RB,  Shah  MB,  VerBerkmoes  NC,  Hettich  RL,  Banfield  JF (2010)  Ecological  distribution  and  population  physiology  defined  by  proteomics  in  a natural microbial community. Molecular Systems Biology 6.  Nakoa A (1960) The Appearance of A Skatole Derivative in the Urine of Schizophrenics. 
The Journal of Nervous and Mental Disease 130: 417‐419.  Nazli A, Yang PC,  Jury  J, Howe K, Watson  JL,  Soderholm  JD,  Sherman PM, Perdue MH, McKay DM (2004) Epithelia under metabolic  stress perceive commensal bacteria as a threat. The American Journal of Pathlogy 164: 947‐957.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 279 
Neish  AS,  Gewirtz  AT,  Zeng  H,  Young  AN,  Hobert  ME,  Karmali  V,  Rao  AS,  Madara  JL (2000)  Prokaryotic  Regulation  of  Epithelial  Responses  by  Inhibition  of  IkB‐a Ubiquitination. Science 289: 1560‐1563.  Neu  J,  Lorca  G,  Kingma  SDK,  Triplett  EW  (2010)  The  Intestinal  Microbiome: Relationship  to Type 1 Diabetes. Endocrinology & Metabolism Clinics of North America 
39: 563‐571.  Newsholme  P,  Procopio  J,  Lima  MMR,  Pithon‐Curi  TC,  Curi  R  (2003)  Glutamine  and glutamate  ‐  their  central  role  in  cell  metabolism  and  function.  Cell  Biochemistry  And 
Function 21: 1‐9.  Nicholls  AW,  Mortishire‐Smith  RJ,  Nicholson  JK  (2003)  NMR  spectroscopic‐based metabonomic  studies  of  urinary metabolite  variation  in  acclimatizing  germ‐free  rats. 
Chemical Research in Toxicology 16: 1395‐1404.  Nicholson JK, Foxall PJ, Spraul M, Farrant RD, Lindon JC (1995) 750 MHz 1H and 1H‐13C NMR spectroscopy of human blood plasma. Analytical Chemistry 67: 793‐811.  Nicholson  JK,  Holmes  E,  Lindon  JC,  Wilson  ID  (2004)  The  challenges  of  modeling mammalian biocomplexity. Nature Biotechnology 22: 1268‐1274.  Nicholson JK, Holmes E, Wilson ID (2005) Gut microorganisms, mammalian metabolism and personalized health care. Nature Reviews Microbiology 3: 431‐438.  Nicholson JK, Lindon JC, Holmes E (1999) 'Metabonomics': understanding the metabolic responses  of  living  systems  to  pathophysiological  stimuli  via  multivariate  statistical analysis of biological NMR spectroscopic data. Xenobiotica 29: 1181‐1189.  Nicholson  JK,  Wilson  ID  (1989)  High‐Resolution  Proton  Magnetic‐Resonance Spectroscopy of Biological Fluids. Progress In Nuclear Magnetic Resonance Spectroscopy 
21: 449‐501.  Niedergang F, Didierlaurent A, Kraehenbuhl JP, Sirard J (2004) Dendritic cells: the host Achille's heel for mucosal pathogens? Trends in Microbiology 12: 79‐88.  Norhagen  E  G,  Engström  PE,  Hammarström  L,  Söder  PÖ,  Smith  CIE  (1989) Immunoglobulin  levels  in  saliva  in  individuals  with  selective  IgA  deficiency: 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 280 
Compensatory  IgM  secretion  and  its  correlation  with  HLA  and  susceptibility  to infections. Journal of Clinical Immunology 9: 279‐286.  O'Mahony  SM,  Marchesi  JR,  Scully  P,  Codling  C,  Ceolho  A‐M,  Quigley  EMM,  Cryan  JF, Dinan TG  (2009) Early Life Stress Alters Behavior,  Immunity,  and Microbiota  in Rats: Implications  for  Irritable  Bowel  Syndrome  and  Psychiatric  Illnesses.  Biological 
Psychiatry 65: 263‐267.  Oliveros  JC  (2007)  VENNY.  An  Interactive  Tool  for  Comparing  Lists  with  Venn Diagrams. In http://bioinfogp.cnb.csic.es/tools/venny/index.html.  Ouwehand  AC,  Vaughn  EE  (2006)  Gastrointestinal  Microbiology.  New  York:  Taylor  & Francis Group, LLC.  Pabst R, Geist M, Rothkotter HJ, Fritz FJ (1988) Postnatal development and lymphocyte production  of  jejunal  and  ileal  Peyer's  patches  in  normal  and  gnotobiotic  pigs. 
Immunology 64: 539‐544.  Panepinto  LM,  Phillips  RW  (1986)  The  Yucatan  miniature  pig:  characterization  and utilization in biomedical research. Laboratory Animal Science 36: 344‐347.  Pang X, Hua X, Yang Q, Ding D, Che C, Cui L, Jia W, Bucheli P, Zhao L (2007) Inter‐species transplantation of gut microbiota from human to pigs. The ISME journal 1: 156‐162.  Parsons AH, Wells RE (1986) Serum biochemistry of healthy Yucatan miniature swine. 
Laboratory Animal Science 36: 428‐430.  Patel MS, Srinivasan M (2002) Metabolic programming: causes and consequences. The 
Journal of Biological Chemistry 277: 1629‐1632.  Pearce  JT, Athersuch TJ,  Ebbels TM,  Lindon  JC, Nicholson  JK, Keun HC  (2008) Robust algorithms  for  automated  chemical  shift  calibration  of  1D  1H  NMR  spectra  of  blood serum. Analytical Chemistry 80: 7158‐7162.  Phillips  RW,  Panepinto  LM,  Spangler  R,  Westmoreland  N  (1982)  Yucatan  miniature swine as a model for the study of human diabetes mellitus. Diabetes 31: 30‐36.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 281 
Phipps AN, Stewart J, Wright B, Wilson ID (1998) Effect of diet on the urinary excretion of  hippuric  acid  and  other  dietary‐derived  aromatics  in  rat.  A  complex  interaction between diet, gut microflora and substrate specificity. Xenobiotica 28: 527‐537.  Piotto M,  Saudek V,  Sklenar V  (1992) Gradient‐tailored  excitation  for  single‐quantum NMR‐spectroscopy of aqueous‐solutions. Journal of Biomolecular NMR 2: 661‐665.  Pond WG, Houpt KA (1978) The biology of the pig. Ithica, New York: Comstock.  Poroyko V, White  JR, Wang M, Donovan S, Alverdy  J, Liu DC, Morowitz MJ  (2010) Gut Microbial  Gene  Expression  in  Mother‐Fed  and  Formula‐Fed  Piglets.  PLoS  ONE  5: e12459.  Potrykus  J,  White  RL,  Bearne  SL  (2008)  Proteomic  investigation  of  amino  acid catabolism in the indigenous gut anaerobe Fusobacterium varium. Proteomics 8: 2691‐2703.  Pryde SE, Duncan SH, Hold GL, Stewart CS, Flint HJ (2002) The microbiology of butyrate formation in the human colon. FEMS Microbiology Letters 217: 133‐139.  Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen T, Pons N, Levenez F, Yamada T, Mende DR, Li J, Xu J, Li S, Li D, Cao J, Wang B, Liang H, Zheng H, Xie Y, Tap J, Lepage  P,  Bertalan  M,  Batto  J‐M,  Hansen  T,  Le  Paslier  D,  Linneberg  A,  Nielsen  HB, Pelletier E, Renault P, Sicheritz‐Ponten T, Turner K, Zhu H, Yu C, Li S, Jian M, Zhou Y, Li Y,  Zhang  X,  Li  S,  Qin  N,  Yang  H, Wang  J,  Brunak  S,  Dore  J,  Guarner  F,  Kristiansen  K, Pedersen O, Parkhill  J, Weissenbach J, Bork P, Ehrlich SD, Wang J (2010) A human gut microbial gene catalogue established by metagenomic sequencing. Nature 464: 59‐65.  Reyes A, Haynes M, Hanson N, Angly FE, Heath AC, Rohwer F, Gordon JI (2010) Viruses in the faecal microbiota of monozygotic twins and their mothers. Nature 466: 334‐338.  Rezzi S, Ramadan Z, Fay LB, Kochhar S (2007) Nutritional metabonomics: applications and perspectives. Journal of Proteome Research 6: 513‐525.  Ringner M (2008) What is principal component analysis? Nature Biotechnology 26: 303‐304.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 282 
Roberts TM, Sturek M, Dixon JL, Hardin CD (2001) Alteration in the oxidative metabolic profile  in  vascular  smooth muscle  from hyperlipidemic  and diabetic  swine. Molecular 
and Cellular Biochemistry 217: 99–106.  Rogatcheva MB, Chen K, Larkin DM, Meyers SN, Marron BM, He W, Schook LB, Beever JE (2008)  Piggy‐BACing  the  human  genome  I:  constructing  a  porcine  BAC  physical map through comparative genomics. Animal Biotechnology 19: 28‐42.  Roling  WF,  Ferrer  M,  Golyshin  PN  (2010)  Systems  approaches  to  microbial communities and their functioning. Current Opinion in Biotechnology 21: 532‐538.  Romick‐Rosendale LE, Goodpaster AM, Hanwright PJ, Patel NB, Wheeler ET, Chona DL, Kennedy  MA  (2009)  NMR‐based  metabonomics  analysis  of  mouse  urine  and  fecal extracts  following  oral  treatment  with  the  broad‐spectrum  antibiotic  enrofloxacin (Baytril). Magnetic Resonance in Chemistry : MRC 47 Suppl 1: S36‐46.  Salonen A, Nikkilä J, Jalanka‐Tuovinen J, Immonen O, Rajilic‐Stojanovic M, Kekkonen RA, Palva A, de Vos WM (2010) Comparative analysis of fecal DNA extraction methods with phylogenetic  microarray:  Effective  recovery  of  bacterial  and  archaeal  DNA  using mechanical cell lysis. Journal of Microbiological Methods 81: 127‐134.  Samuel BS, Gordon JI  (2006) A humanized gnotobiotic mouse model of host‐archaeal‐bacterial  mutualism.  Proceedings  of  the  National  Academy  of  Sciences  103:  10011‐10016.  Sanders  ME  (2009)  How  do  we  know  when  something  called  "probiotic"  is  really  a probiotic?  A  guideline  for  consumers  and  health  care  professionals.  Functional  Food 
Reviews 1: 3‐12.  Sands CJ, Coen M, Maher AD, Ebbels T (2009) Statistical Total Correlation Spectroscopy Editing  of  1H  NMR  Spectra  of  Biofluids:  Application  to  Drug  Metabolite  Profile Identification and Enhanced Information Recovery. Analytical Chemistry 81: 6458–6466   Saric  J,  Li  JV,  Swann  JR,  Utzinger  J,  Calvert  G,  Nicholson  JK,  Dirnhofer  S,  Dallman MJ, Bictash M, Holmes E (2010) Integrated Cytokine and Metabolic Analysis of Pathological Responses to Parasite Exposure in Rodents. Journal of Proteome Research 9: 2255‐2264.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 283 
Saric  J, Wang Y,  Li  J,  Coen M, Utzinger  J, Marchesi  JR, Keiser  J,  Veselkov K,  Lindon  JC, Nicholson JK, Holmes E (2007) Species Variation in the Fecal Metabolome Gives Insight into Differential Gastrointestinal Function. Journal of Proteome Research 7: 352‐360.  Schepers E, Meert N, Glorieux G,  Goeman  J,  Van der Eycken  J,  Vanholder R  (2007) P‐cresylsulphate, the main in vivo metabolite of p‐cresol, activates leucocyte free radical production. Nephrology, Dialysis,  Transplantation  : Official Publication of  the European 
Dialysis and Transplant Association ­ European Renal Association 22: 592‐596.  Schleucher J, Schwendinger M, Sattler M, Schmidt P, Schedletzky O, Glaser SJ, Sorensen OW,  Griesinger  C  (1994)  A  General  Enhancement  Scheme  in  Heteronuclear Multidimensional NMR employing Pulsed‐Field Gradients. Journal of Biomolecular NMR 
4: 301‐306.  Shaka AJ,  Barker PB,  Freeman R  (1985) Computer–Optimised Decoupling  Scheme  for Wideband  Applications  and  Low‐level  Operation.  Journal  of  Magnetic  Resonance  64: 547‐552.  Shaka AJ, Shykind DN, Chingas GC, Pines A (1988) Multiple‐Pulse Sequences for Precise Transmitter Phase Alignment. Journal of Magnetic Resonance 80: 96‐111.  Shroff  KE,  Meslin  K,  Cebra  JJ  (1995)  Commensal  enteric  bacteria  engender  a  self‐limiting  humoral  mucosal  immune  response  while  permanently  colonizing  the  gut. 
Infection and Immunity 63: 3904‐3913.  Singer GM, Lijinsky W (1976) Naturally occuring nitrosatable compounds. 1. Secondary‐amines in foodstuffs. Journal of Agricultural and Food Chemistry 24: 550‐553.  Sklenar V, Piotto M, Leppik R, Saudek V (1993) Gradient‐tailored water suppression for H‐1‐N‐15  HSQC  experiments  optimised  to  retain  full  sensitivity.  Journal  of  Magnetic 
Resonance Series A 102: 241‐245.  Sleeth  ML,  Thompson  EL,  Ford  HE,  Zac‐Varghese  SE,  Frost  G  (2010)  Free  fatty  acid receptor 2 and nutrient sensing: a proposed role  for  fibre,  fermentable carbohydrates and short‐chain fatty acids in appetite regulation. Nutrition Research Reviews 23: 135‐145.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 284 
Smith  EA,  Macfarlane  GT  (1996)  Enumeration  of  human  colonic  bacteria  producing phenolic and indolic compounds: Effects of pH, carbohydrate availability and retention time on dissimilatory aromatic amino acid metabolism. Journal of Applied Bacteriology 
81: 288‐302.  Solanky KS, Bailey NJ, Beckwith‐Hall BM, Bingham S, Davis A, Holmes E, Nicholson JK, Cassidy  A  (2005)  Biofluid  1H  NMR‐based  metabonomic  techniques  in  nutrition research ‐ metabolic effects of dietary isoflavones in humans. The Journal of Nutritional 
Biochemistry 16: 236‐244.  Solanky KS, Bailey NJ, Beckwith‐Hall BM, Davis A, Bingham S, Holmes E, Nicholson JK, Cassidy  A  (2003)  Application  of  biofluid  1H  nuclear  magnetic  resonance‐based metabonomic  techniques  for  the  analysis  of  the  biochemical  effects  of  dietary isoflavones on human plasma profile. Analytical Biochemistry 323: 197‐204.  Sonnenburg JL, Xu J, Leip DD, Chen C‐H, Westover BP, Weatherford J, Buhler JD, Gordon JI (2005) Glycan Foraging  in Vivo by an Intestine‐Adapted Bacterial Symbiont. Science 
307: 1955‐1959.  Sotillo  J,  Muñoz‐Antoli  C,  Marcilla  A,  Fried  B,  Guillermo  Esteban  J,  Toledo  R  (2007) Echinostoma caproni: Kinetics of IgM, IgA and IgG subclasses in the serum and intestine of experimentally infected rats and mice. Experimental Parasitology 116: 390‐398.  Spoelstra SF (1978) Degradation of tyrosine in anaerobically stored piggery wastes and in pig feces. Applied and Environmental Microbiology 36: 631‐638.  Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov  JP  (2005) Gene set enrichment analysis: a knowledge‐based  approach  for  interpreting  genome‐wide  expression  profiles. 
Proceedings of the National Academy of Sciences 102: 15545‐15550.  Suzuki K, Ha S, Tsuji M, Fagarasan S (2007) Intestinal IgA synthesis: A primitive form of adaptive  immunity  that  regulates  microbial  communities  in  the  gut.  Seminars  in 
Immunology 19: 127‐135.  Tarrant  M,  Kwok  MK,  Lam  TH,  Leung  GM,  Schooling  CM  (2010)  Breast‐feeding  and childhood hospitalizations for infections. Epidemiology (Cambridge, Mass) 21: 847‐854.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 285 
Terpstra  AHM,  Lapre  JA,  de  Vries  HT,  Beynen  AC  (2000)  Transiency  of  the  different cholesterolaemic responses to dietary cellulose and psyllium in pigs and two strains of hamsters. Journal of Animal Physiology and Animal Nutrition 84: 178‐191.  Thompson  DC,  Perera  K,  Fisher  R,  Brendel  K  (1994)  Cresol  Isomers:  Comparison  of Toxic Potency in Rat Liver Slices. Toxicology and Applied Pharmacology 125: 51‐58.  Trygg  J, Wold S  (2002) Orthogonal projections  to  latent structures (O‐PLS).  Journal of 
Chemometrics 16: 119‐128.  Turnbaugh  PJ,  Hamady  M,  Yatsunenko  T,  Cantarel  BL,  Duncan  A,  Ley  RE,  Sogin  ML, Jones WJ, Roe BA, Affourtit  JP,  Egholm M, Henrissat B, Heath AC, Knight R, Gordon  JI (2009) A core gut microbiome in obese and lean twins. Nature 457: 480‐484.  Turnbaugh PJ,  Ley RE, Hamady M, Fraser‐Liggett CM, Knight R, Gordon  JI  (2007) The human microbiome project. Nature 449: 804‐810.  Tyers M, Mann M (2003) From genomics to proteomics. Nature 422: 193‐197.  Uchida M, Shimatsu Y, Onoe K, Matsuyama N, Niki R, Ikeda JE, Imai H (2001) Production of  transgenic  miniature  pigs  by  pronuclear  microinjection.  Transgenic  Research  10: 577‐582.  Vanderheijden  PJ,  Stok  W,  Bianchi  ATJ  (1987)  Contribution  of  immunoglobulin‐secreting  cells  in  the murine  small‐intestine  to  the  total  background  immunoglobulin production. Immunology 62: 551‐555.  Vega‐Lopez MA, Bailey M, Telemo E,  Stokes CR  (1995) Effect of  early weaning on  the development  of  immune  cells  in  the  pig  small  intestine.  Veterinary  Immunology  and 
Immunopathology 44: 319‐327.  Veselkov  KA,  Lindon  JC,  Ebbels  TM,  Crockford  D,  Volynkin  VV,  Holmes  E,  Davies  DB, Nicholson  JK  (2009)  Recursive  segment‐wise  peak  alignment  of  biological  (1)h  NMR spectra for improved metabolic biomarker recovery. Analytical Chemistry 81: 56‐66.  Walker AW, Ince J, Duncan SH, Webster LM, Holtrop G, Ze X, Brown D, Stares MD, Scott P, Bergerat A, Louis P, McIntosh F, Johnstone AM, Lobley GE, Parkhill J, Flint HJ (2010) 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 286 
Dominant and diet‐responsive groups of bacteria within the human colonic microbiota. 
The ISME Journal: 1‐11.  Wallberg M, Harris RA  (2005) Co‐infection with Trypanosoma brucei brucei prevents experimental  autoimmune  encephalomyelitis  in  DBA/1  mice  through  induction  of suppressor APCs. International Immunology 17: 721‐728.  Wang Y, Utzinger J, Xiao SH, Xue J, Nicholson JK, Tanner M, Singer BH, Holmes E (2006) System  level  metabolic  effects  of  a  Schistosoma  japonicum  infection  in  the  Syrian hamster. Molecular and Biochemical Parasitology 146: 1‐9.  Wang  Y,  Xiao  SH,  Xue  J,  Singer  BH,  Utzinger  J,  Holmes  E  (2009a)  Systems metabolic effects  of  a  necator  americanus  infection  in  Syrian  hamster.  Journal  of  Proteome 
Research 8: 5442‐5450.  Wang  Z,  Gerstein  M,  Snyder  M  (2009b)  RNA‐Seq:  a  revolutionary  tool  for transcriptomics. Nature Reviews Genetics 10: 57‐63.  Ward LA, Johnson KA, Robinson IM, Yokoyama MT (1987) Isolation from swine feces of a  bacterium which  decarboxylates  p‐hydroxyphenylacetic  acid  to  4‐methylphenol  (p‐cresol). Applied and Environmental Microbiology 53: 189‐192.  Waters NJ, Garrod S, Farrant RD, Haselden JN, Connor SC, Connelly J, Lindon JC, Holmes E, Nicholson JK (2000) High‐resolution magic angle spinning (1)H NMR spectroscopy of intact liver and kidney: optimization of sample preparation procedures and biochemical stability of tissue during spectral acquisition. Analytical biochemistry 282: 16‐23.  Weljie  AM,  Dowlatabadi  R,  Miller  BJ,  Vogel  HJ,  Jirik  FR  (2007)  An  inflammatory arthritis‐associated metabolite  biomarker  pattern  revealed  by  1H NMR  spectroscopy. 
Journal of Proteome Research 6: 3456‐3464.  Wikoff  WR,  Anfora  AT,  Liu  J,  Schultz  PG,  Lesley  SA,  Peters  EC,  Siuzdak  G  (2009) Metabolomics  analysis  reveals  large  effects  of  gut  microflora  on  mammalian  blood metabolites. Proceedings of the National Academy of Sciences 106: 3698‐3703.  Williams RE, Lenz EM, Evans JA, Wilson ID, Granger JH, Plumb RS, Stumpf CL (2005) A combined  (1)H  NMR  and  HPLC‐MS‐based  metabonomic  study  of  urine  from  obese 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 287 
(fa/fa)  Zucker  and  normal  Wistar‐derived  rats.  Journal  of  Pharmaceutical  and 
Biomedical Analysis 38: 465‐471.  Williams  RT  (1978)  Species  variations  in  the  pathways  of  drug  metabolism. 
Environmental Health Perspectives 22: 133‐138.  Willker W,  Engelmann  J,  Brand A,  Leibfritz  D  (1996) Metabolite  Identification  in  Cell Extracts  and Culture Media  by  Proton‐Detected  2D‐H,C‐NMR Spectroscopy.  Journal  of 
Magnetic Resonance Analysis 2: 21‐32.  Wishart  DS  (2008)  Quantitative  metabolomics  using  NMR.  Trends  In  Analytical 
Chemistry 27: 228‐237.  Wishart DS, Knox C, Guo AC, Eisner R, Young N, Gautam B, Hau DD, Psychogios N, Dong E, Bouatra S, Mandal R, Sinelnikov I, Xia J, Jia L, Cruz JA, Lim E, Sobsey CA, Shrivastava S, Huang P, Liu P, Fang L, Peng  J, Fradette R, Cheng D, Tzur D, Clements M, Lewis A, De Souza A, Zuniga A, Dawe M, Xiong Y, Clive D, Greiner R, Nazyrova A, Shaykhutdinov R, Li L,  Vogel  HJ,  Forsythe  I  (2009)  HMDB:  a  knowledgebase  for  the  human metabolome. 
Nucleic Acids Research 37: D603‐D610.  Wishart  DS,  Tzur  D,  Knox  C,  Eisner  R,  Guo  AC,  Young N,  Cheng D,  Jewell  K,  Arndt  D, Sawhney S, Fung C, Nikolai L, Lewis M, Coutouly M, Forsythe  I, Tang P, Shrivastava S, Jeroncic K, Stothard P, Amegbey G, Block D, Hau DD, Wagner  J, Miniaci  J, Clements M, Gebremedhin M, Guo N, Zhang Y, Duggan GE, MacInnis GD, Weljie AM, Dowlatabadi R, Bamforth  F,  Clive  D,  Greiner  R,  Li  L,  Marrie  T,  Sykes  BD,  Vogel  HJ,  Querengesser  L (2007)  HMDB:  the  human  metabolome  database.  Nucleic  Acids  Research  35:  D521‐D526.  Wittebolle  L,  Vervaeren  H,  Verstraete  W,  Boon  N  (2008)  Quantifying  community dynamics  of  nitrifiers  in  functionally  stable  reactors.  Applied  and  Environmental 
Microbiology 74: 286‐293.  Wold  S,  Antti  H,  Lindgren  F,  Ohman  J  (1998)  Orthogonal  signal  correction  of  near‐infrared spectra. Chemometrics and Intelligent Laboratory Systems 44: 175‐185.  Wu H‐J, Ivanov II, Darce J, Hattori K, Shima T, Umesaki Y, Littman DR, Benoist C, Mathis D  (2010a) Gut‐Residing Segmented Filamentous Bacteria Drive Autoimmune Arthritis via T Helper 17 Cells. Immunity 32: 815‐827. 
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 288 
 Wu J‐F, Holmes E, Xue  J, Xiao S‐H, Singer BH, Tang H‐R, Utzinger  J, Wang Y‐L (2010b) Metabolic  alterations  in  the  hamster  co‐infected  with  Schistosoma  japonicum  and Necator americanus. International Journal for Parasitology 40: 695‐703.  Xia  J, Wishart  DS  (2010) MSEA:  a  web‐based  tool  to  identify  biologically meaningful patterns in quantitative metabolomic data. Nucleic Acids Research 38 Suppl: W71‐77.  Xu  J,  Bjursell MK, Himrod  J, Deng  S,  Carmichael  LK,  Chiang HC, Hooper LV, Gordon  JI (2003a) A genomic view of the human‐Bacteroides thetaiotaomicron symbiosis. Science 
299: 2074‐2076.  Xu  J,  Gordon  JI  (2003b)  Inaugural  Article:  Honor  thy  symbionts.  Proceedings  of  the 
National Academy of Sciences 100: 10452‐10459.  Yap  IKS,  Angley  M,  Veselkov  KA,  Holmes  E,  Lindon  JC,  Nicholson  JK  (2010)  Urinary Metabolic  Phenotyping  Differentiates  Children  with  Autism  from  Their  Unaffected Siblings and Age‐Matched Controls. Journal of Proteome Research 9: 2996‐3004.  Yde  CC,  Bertram HC,  Knudsen KE  (2010) NMR‐Based Metabonomics  Reveals  Distinct Metabolic  Profiles  of  Plasma  from  Sows After  Consumption  of Diets with  Contrasting Dietary Fibre Levels and Compositon. Livestock Science 133: 26‐29.  Yokoyama MT,  Carlson  JR  (1981)  Production  of  Skatole  and  para‐Cresol  by  a  Rumen Lactobacillus sp. Applied and Environmental Microbiology 41: 71‐76.  Yokoyama MT, Tabori C, Miller ER, Hogberg MG (1982) The effects of antibiotics in the weanling  pig  diet  on  growth  and  the  excretion  of  volatile  phenolic  and  aromatic bacterial metabolites. The American journal of Clinical Nutrition 35: 1417‐1424.  Yoshimura T, Schwab AJ, Tao L, Barker F, Pang KS (1998) Hepatic uptake of hippurate: a multiple‐indicator dilution, perfused rat liver study. The American Journal of Physiology 
274: G10‐20.  Zaneveld  J,  Turnbaugh PJ,  Lozupone C,  Ley RE  (2008) Host‐bacterial  coevolution  and the search for new drug targets. Current Opinion in Chemical Biology 12: 109‐114.  
Characterisation of the Immuno-Metabolic Interface in Porcine Models of Nutritional 
Intervention 
 
PhD Thesis Claire Alexandra Merrifield 289 
Zeisel  SH,  DaCosta  KA,  Fox  JG  (1985)  Endogenous  formation  of  dimethylamine.  The 
Biochemical Journal 232: 403‐408.  Zeisel  SH,  DaCosta  KA,  Youssef M,  Hensey  S  (1989)  Conversion  of  dietary  choline  to trimethylamine and dimethylamine  in rats: dose‐response relationship. The  Journal of 
Nutrition 119: 800‐804.  Zeisel  SH, Wishnok  JS, Blusztajn  JK  (1983) Formation of methylamines  from  ingested choline and  lecithin. The  Journal of Pharmacology and Experimental Therapeutics 225: 320‐324.  Zilber‐Rosenberg  I,  Rosenberg  E  (2008)  Role  of  microorganisms  in  the  evolution  of animals and plants: the hologenome theory of evolution. FEMS Microbiology Reviews 32: 723‐735.   
 
 
